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Editorial 


WITH the rapid expansion of science and technology, rational economy in the means 
of communication and information becomes of prime importance. Any addition to 
the great number of technical journals already in existence can only be justified 
when, apart from providing a forum for its subject matter, it will also save time and 
labour of those working in the field. The editors and publishers of CRYOGENICS 
believe that this justification exists in the realm of low temperature engineering and 
research, and they would like to take this opportunity of thanking their colleagues 
who have encouraged them in this venture. 

Until fairly recently cryogenic technology was mainly confined to the large-scale 
liquefaction and separation of gases and no other serious engineering problems 
had arisen at the temperatures of liquid air or below. Since the war, however, the 
use of cryogenic propellants has greatly extended this field and has created an 
entirely new set of problems involving the handling, storage, and transport of con- 
ventional cryogenic substances as well as the use of new ones. Liquid hydrogen 
has important prospects not only as a propellant but also for low temperature 
deuterium separation and it is already being used in considerable quantities in 
bubble chambers. Here its use will be shared by liquid helium and both substances 
may be employed in cooling magnet coils for thermonuclear reactors. 

Apart from the much enlarged use of liquefied gases, a host of other applications 
of low and very low temperatures to a wide variety of problems has arisen. In some 
cases these applications, such as the superconductive computer elements, are be- 
ginning to reach the engineering stage, while in others, as for instance the work on 
free radicals, the exploratory phase has still to be passed. 

The different trends of low temperature research and development are not only 
intensified, they are also divergent. However, all share the same cryogenic methods 
and techniques and all must rely on the same basic research and engineering data. 
The relevant information on these subjects is at present scattered over a wide 
variety of journals and we feel confident that concentration of these papers in one 
journal will be found convenient and helpful. We are therefore providing, in addition 
to the subject matter, a summary of titles of cryogenic work published elsewhere. 

The purpose of CRYOGENICS is to publish original papers on all aspects of low 
temperature engineering and research and to feature in each issue one invited 
survey article, written by an authority on the subject. For rapid publication of 
important results, the editors will accept short letters up to six weeks before the 
publication of each quarterly issue. 

K. MENDELSSOHN 
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THE exploration of low temperatures down to about | °K 
was made possible by the use of liquefied gases. The object 
of this article is to review briefly and in general terms the 
technique used to cover the temperature range down to 
about 10-°°K and to describe some recent work which 
shows the way the temperature range down to 10-*°K may 
be similarly opened up. 


Figure 1. The cooling process in the entropy—temperature diagram: 
(a) Isothermal X, ——> X,.; (b) Isentropic X,——> X, 


The basic principle of generating low temperatures is 
best explained with the help of an entropy diagram. In 
Figure |, the full line represents the entropy of a system for 
a constant value X = X, of some external intensive para- 
meter (e.g. pressure, magnetic field, etc.) as a function of 
the temperature. A brief portion of the entropy for ¥ = X, 
is also indicated. The principle of the generation of low 
temperatures becomes clear from this diagram. At the 
initial temperature 7;, the entropy is reduced by an iso- 
thermal change of X from X, to X,. The system is then 
thermally isolated from its surroundings and the subse- 
quent adiabatic-reversible, and therefore isentropic, 
change of X, in the opposite direction results in cooling. If 
X, is brought back to its original value Y,, the final tem- 
perature 7; is given by the intersection of the horizontal 
isentropic line with the entropy curve for Y =X). 

As may be seen from this representation, two conditions 
have to be satisfied for appreciable coolings to result. 
First, the system must, in its initial state, possess a finite 
entropy, and this must be capable of an appreciable reduc- 
tion by the alteration of an external parameter. Second, the 
degree of cooling one can obtain with a given initial iso- 
thermal entropy reduction AS depends on the shape of the 
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entropy curve for ¥ = Xj. If this curve is steep (dotted line 
in Figure 1), the final temperature 7; will be considerably 
higher than 77, which would be obtained with a flat 
entropy curve (dash—dot). Remembering that the specific 
heat is given by 7(dS/dT), we can say that in order to reach 
low temperatures the heat capacity of the system for the 
final value (X,) of the external parameter must be low. We 
can express this in another form by stating that the frac- 
tional cooling is given by 

ATo ag 

| ala 

where 7 and C are appropriate mean values of the tem- 
perature and of the heat capacity. 

To summarize, the two essential conditions for the pro- 
duction of low temperatures are: 

(1) Finite entropy, entropy reduction possible; 
(2) Flat S/T curve, i.e. small specific heat for ¥ = X, ina 
wide temperature range. 

The first of these conditions is reasonably well satisfied 
in the case of a gas, as it is easy to produce sizeable entropy 
reduction by compression. The second condition is satis- 
fied as long as one only considers the gas itself, but is no 
longer so when the additional heat capacity of the con- 
tainer is taken into account. In this case, one finds that the 
single process results in small temperature reduction, so 
that progressive cooling involving heat exchangers has to 
be employed. Only when the starting temperature T; is low 
enough for lattice specific heats to become small can single 
or batch processes be used for gas cooling and gas lique- 
faction. This is, for instance, the case of the Simon expan- 
sion method for the liquefaction of helium. 

The temperature ofa liquefied gas can be further reduced 
by pumping off the vapour, but a practical limit is set by 
the rapidly decreasing vapour pressures. To achieve a pre- 
determined rate of cooling d7/dt of the liquid or to ab- 
sorb a given amount of heat influx Q, the rate of evapora- 
tion has to be maintained at a definite value given by 


or 


respectively, where A is the heat of evaporation and C the 
heat capacity to be cooled down. The lower the vapour 
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pressure the more difficult it is to maintain this rate of 
evaporation since the required pumping speed has to be 
increased proportionally to the reciprocal of the pressure. 
Let us consider, for instance, helium-3 which is the liquid 
with the lowest boiling point or highest vapour pressures, 
and ‘thus the most suitable cryogenic liquid for reaching 
low temperatures. We find, assuming a pumping speed of 
100 1./sec at the surface of the liquid, that the rate of heat 
absorption at 0-3°K (a vapour pressure of 1-5 x 10-? mm 
Hg) is 2 x 10-4 W. At 0:2°K thisis reduced to 2 x 10-*° W 
and at 0:15°K to 10-8 W. Alternatively, we find that at 
0:2°K the rate of cooling for 1 cm® of liquid helium-3 is 
about 3 x 107° deg.K/sec; in other words, it would take 
about | hr to lower the temperature by 0-01 °K. 

Itis clear from these considerations that even with liquid 
helium-3 the lowest practical limit is about 0-3 °K. Fortun- 
ately, just where liquefied gases lose their usefulness for 
producing very low temperatures, another group of sub- 
stances, namely the ideal paramagnetic salts, which satisfy 
both essential conditions stated above, come into their 
own. In an ideal paramagnetic substance, the interaction 
energy of the elementary magnets is by definition vanish- 
ingly small. Therefore, in the absence of an external 
magnetic field the 2/+1 possible orientations of the ele- 
mentary magnet (J being the angular momentum) are 
energetically equivalent and such a system has an entropy 
of 


Rx ln Q/+1) 


Moreover, this entropy can be appreciably reduced by 
means of modest magnetic fields. In a magnetic field 
H, the (2J+ 1)-fold degenerate level is split into 2/+1 
equidistant levels of separation g8H, where g is the 
spectroscopic splitting factor and f is the Bohr magneton 
for the electron. For a field of 10 kgauss this energy differ- 
ence is approximately k x 1°K. Therefore, at 1°K and 10 
kgauss there will be a markedly preferential population of 
the lower energy levels according to the Boltzmann distri- 
bution law and, correspondingly, a decrease in entropy. 
Our second condition is also satisfied by such a sub- 
stance. The entropy of the elementary magnets in zero 
field is, at least in the first approximation, temperature 
independent and the corresponding specific heat is zero. 
On the other hand, the entropy and specific heat associated 
with the lattice vibrations are negligibly small compared to 
the possible entropy reductions. It was the realization of 
the fact that both these conditions are satisfied by a large 
group of paramagnetic salts that led Debye? and, inde- 
pendently, Giauque? to propose producing very low tem- 
peratures by isentropic demagnetization of paramagnetic 
salts. If one knows the entropy in zero magnetic field as a 
function of temperature and the entropy of magnetization 
at the starting temperature, the method outlined in Figure 
1 enables one to predict the final temperatures attainable. 
The temperature changes obtainable by isentropic re- 
duction of a magnetic field can be calculated either by a 
thermodynamical or by a statistical argument—just as for 
an ideal gas—and one obtains for a strictly ideal paramag- 
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netic salt with negligible specific heat the simple relation 


T; 
Tie Hi calehly 


where the indices i and f refer to the initial and final state. 
A simple way of correcting for the departure from ideal 
behaviour is to characterize the interaction energies by an 
internal field h. Equation (1) then becomes 


Tre VE + I) + #2) 


(This is an approximate formula and is only valid for 
temperatures at which the deviation from ideal behaviour 
is small, in other words, when the entropy in zero field does 
not differ markedly from the ideal value R x In (2J+ 1). In 
this case we can write 


\2 
Rin Oise -3(F) 
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A being the Curie constant. Now S, = S; and hence 


VG@/A+ H?) 7 
ls apt Ha). 


since in most cases of practical interest h < H;. A more 
rigorous derivation of this relation has been given by 
Abragam and Proctor.*) 

For the case of demagnetization to zero field (H; = 0), 
equation (2) becomes 


= VR+HD E 


A; 


T; 
Toh H, sa3) 
We see that the final temperature depends in a simple 
fashion on the initial temperature, the initial field, and h. 
That is, it depends on the interaction energies. 

Thanks to suitable paramagnetic salts with small values 
of h, temperatures down to nearly 10-3 °K are becoming 
common in many cryogenic laboratories. This is not the 
place to describe in detail the various experimental tech- 
niques that have been developed for working in this range; 
there are quite a few informative and up-to-date survey 
articles on the subject.*-* It seems, however, worth while 
to point out one fundamental difference between such a 
system of elementary magnets or spins and the other more 
common cryogenic systems. One is accustomed to dealing 
with systems whose energy spectrum has no upper limit. 
Such systems have the well-known property that at high 
enough temperatures where quantum effects become neg- 
ligible the law of equipartition of energy holds, the energy 
of the system becomes infinite with temperature. In a 
system of spins, the energy spectrum has an upper bound 
and the law of equipartition of energy does not apply; in 
fact the specific heat of such a system tends to zero as tem- 
perature approaches infinity. This has an interesting conse- 
quence; a finite amount of energy is sufficient to bring the 
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system to an infinitely high temperature characterized by 
an equal distribution of the particles among all the energy 
levels. If, then, the system is made to absorb an amount of 
energy which is more than necessary to bring it to infinitely 
high temperatures, one gets a preferential population of 
the upper energy levels, a state that can be described by a 
negative absolute temperature. Such negative tempera- 
tures, corresponding to true equilibrium states, have been 
realized with nuclear spins® which, because of the very 
weak coupling with their environment, can be regarded as 
forming a system with a bounded energy spectrum. In des- 
cribing the production of negative temperatures by the ab- 
sorption of a surplus of energy, one brings out clearly the 
essential feature of these temperatures : they are reached by 
passing through infinitely high temperatures and not 
through absolute zero, which remains an unattainable 
singularity of the temperature scale. 


Fundamentals and practical requirements of nuclear cooling 


Equation (3) shows the importance of having low inter- 
action energies if very low temperatures are to be reached, 
without, however, telling the whole story. There is one 
unavoidable interaction, namely that between spins, and 
this produces a co-operative self-ordering of the spins 
when ph ~kT, p being the elementary magnetic moment. 
This is accompanied by a steep drop of entropy (high 
specific heat), which sets a limit to the cooling by de- 
magnetization, given by 


ph 
Tim = 
If the interaction is dipolar, 
iv 
h baad p 


where r is the distance between two adjacent dipoles and 


we have 
2 


Lim = = 
One way to reduce 7;,,, is by increasing r, e.g. by replacing 
the paramagnetic ions with isomorphous diamagnetic 
ions. But to achieve a thousand-fold reduction of 7;,,, 
would require a thousand-fold magnetic dilution and the 
maximum possible entropy change. AS for a given volume 
would be reduced in the same ratio. Since the cooling 
capacity of such a system, i.e. the quantity of heat it can 
absorb after demagnetization, is roughly 7,AS, one should 
try to keep AS as large as possible. 

For this reason it is preferable to reduce ps. This can be 
done by using a ‘nuclear’ paramagnetic substance in which 
the magnetization is due to the nuclear magnetic mo- 
ments,!® 11 which are about 1,000 times smaller than the 
electronic magnetic moments of ordinary paramagnetics. 
However, the smallness of the nuclear magnetic moment 
raises one difficulty; to satisfy the condition gB, H ~ kT 
(where B, is the nuclear Bohr magneton), one needs values 
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of H,/T; a thousand times larger than for ‘electron’ para- 
magnetic substances. Even at 0-01°K, fields of the order 
of 50 kgauss would be required to achieve an entropy de- 
crease of a few per cent of the full nuclear entropy, 
Rin(2I+ 1), where J is the nuclear spin. Thus the starting 
temperature has to be about 0:01 °K and the nuclear de- 
magnetization temperature has to be preceded by a con- 
ventional cooling step. 

A general review of the conditions to be fulfilled for 
successful nuclear cooling has been given by Simon.”” The 


"present account, without repeating his arguments, gives in 


a more detailed fashion the design of the actual experi- 
ments performed in the last few years at the Clarendon 
Laboratory.!* 14 

The most important requirement is to be able to transfer 
reasonably quickly the heat of magnetization of the nuclear 
spins to the heat sink at 0-01°K formed by a paramagnetic 
salt cooled by adiabatic demagnetization. The two princi- 
pal resistances in this energy transfer are between the 
nuclear spin system and its own crystal lattice and between 
this crystal lattice and the paramagnetic salt. As to the first 
of these, it is well known that in dielectric crystals the 
nuclear spin-lattice relaxation time becomes very long at 
low temperatures, and at 10-2°K may reach days or weeks. 
On the other hand, in a metal the nuclear spins can transfer 
their energy relatively rapidly to the conduction electrons, 
which in turn can communicate it to the lattice. The energy 
transfer is accomplished by a process!® in which a change 
of orientation of the nuclear spin is accompanied by an 
equal and opposite change of orientation of the spin of a 
conduction electron at the top of the Fermi distribution. 
Angular momentum is conserved in this process while the 
small magnetic energy change gf, H of the nuclear spincan 
be converted into kinetic energy of the conduction electron 
since the states near the Fermi level are not fully occu- 
pied. The number of these unpaired conduction electrons 
is proportional to 7; the transition probability for a nuclear 
spin flip has the same temperature dependence and the re- 
laxation time is thus inversely proportional to T. These re- 
laxation times are of the order of 1° a second at 1°K and 
thus, even at 0-01°K, the time for nuclear magnetization 
as far as this process is concerned is of the order of minutes. 

Much work has been done on the establishment of 
thermal contact between a metal and a paramagnetic salt 
at very low temperatures.!* 17 18 The method which seemed 
to be particularly suitable for this work uses a low temper- 
ature glass as bonding agent. The paramagnetic salt speci- 
men consists of a viscous slurry made up of powdered 
chrome potassium alum suspended in a mixture of about 
equal volumes of a saturated aqueous solution of the same 
salt and glycerol. The metallic link between this ‘para- 
magnetic’ stage and the nuclear stage—they have to be 
15-20 cm apart so that the stray field during the nuclear 
magnetization does not affect the paramagnetic stage—is 
embedded into this mixture. On cooling, this slurry turns 
into a glass without any sudden volume changes, and ex- 
periments both in Leiden and Oxford have shown that 
reasonably good thermal contact can be maintained in this 
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way down to 0-01°K. For calculating the rate of heat 
transfer between this thermal link and the paramagnetic 
salt, the empirical formula 

= 0°A TP =T3) ergs/sec .. (4) 
(where 7; and T, are the temperatures of the two boundary 
surfaces and A is the macroscopic contact area in square 
centimetres) has been found useful. No great accuracy is 
claimed for this equation but it gives at least the right order 
of magnitude within a factor of 2 or 3. Using this formula 
we can calculate the contact area needed to remove the 
heat of nuclear magnetization in a reasonable time, say 
| hr for the highest field used. Let us assume 7; = 0-012 °K 
(temperature of the co-operative anomaly of chrome 
potassium alum) and H; = 30 kgauss and take 20 g (4 
g.atom) of metallic copper as the nuclear stage. The heat 
of magnetization is 


A(H;\? 
Om = TAS = 43(7) 

where A = 3:2x 10~7 is the nuclear Curie constant per 
gram-atom. With the given numerical data we find 
Q,, =4,000 ergs. Equation (4) then gives for the area of 
contact about 1,000 cm?, which can be obtained with a 
bundle of 2,000 copper wires of 0-1 mm diameter and 
embedded over a length of 15 cm in the paramagnetic 
stage. The lower end of this thermal link serves as the 
nuclear stage. Such a divided specimen has the further 
advantage that heat evolution due to eddy currents is 
greatly reduced. 

As shown earlier, effective cooling requires an entropy 
vs temperature curve which for H = 0 is flat over a wide 
temperature range. Figure 2 shows the two chief com- 
ponents of the entropy of a metal with nuclear spins. We 
see that the nuclear entropy with the constant value of 
Rin(2/+1) at high temperatures (in practice above 
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Nuclear spins ---—--- Conduction electrons 


Figure 2. The relative importance of nuclear spins and conduction 
electrons in nuclear cooling 
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10~4°K) satisfies this condition. Superimposed on it is the 
entropy of the conduction electrons which increases 
linearly with temperature. The Figure is not drawn to scale 
and it is only intended to illustrate the argument. As to the 
lattice entropy, it is altogether negligible compared with 
that of the conduction electrons at temperatures below 1°K. 

We must distinguish between two cases, according to 
whether there is thermal equilibrium or not between the 
nuclear spins and the conduction electrons during de- 
magnetization. We shall compare the temperatures 
reached in these two cases with the temperature 7; which 
would be attained (isentropic line AB) if one had the 
nuclear spin system by itself. Let us first consider the case 
where there is equilibrium (reversible and hence isentropic 
process). Our starting point is now given by A’, the dis- 
tance AA’ being equal to the conduction electron entropy 
at T;. Since the process is isentropic, the final temperature 
T; is again given by the intersection of the appropriate 
horizontal line (A’B’) with the entropy curve for H =0. 

The position is different in the second case where during 
demagnetization there is no temperature equilibrium be- 
tween the nuclear spins and the conduction electrons. Let 
us take the extreme case in which the coupling between 
these two systems is so weak that during demagnetization 
the temperature of the conduction electrons does not alter 
at all, so that the nuclear spins reach 7;. Now, as time goes 
on, there will be energy exchange between the two systems 
and equilibrium will be reached at a temperature at which 
the total heat Q gained by the nuclear spin system equals 
that lost by the conduction electrons. Remembering that 


Q =| Tas 


we find that the final temperature 7; reached in this pro- 
cess is given by the condition that the two differently 
shaded areas are equal. Clearly, the irreversible process 
gives much poorer results than the reversible process. 

We can calculate for each of these two cases the 
conditions under which the presence of the conduction 
electrons has only a small influence on the final tempera- 
ture reached in nuclear cooling. For the reversible case we 
have S; =S;, with 


A(H\? 
A(h\2 
and Ss. = Rin ar+1)~3(7.) 


(where A is the nuclear Curie constant, y7;, the electronic 
specific heat, and / the local internal field), since in all cases 
of practical interest 7; <7, and h<H,. Remembering 


that 7;, the temperature that would be reached by the 
nuclear spin system alone, is given by 


AT, 
T? _yT 
1--h = 2555 a 
we find Te 25 ap (5) 


or, Substituting numerical values for copper (y = 7:5 x 10° 
erg (deg.K)-? (g.atom)-! and A = 3:2 x 10-7 (g.atom)~"), 
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Figure 3. The effect of the conduction electrons on the final tempera- 

tures reached in the nuclear demagnetization of copper. The lines 

indicate limiting values of H; and T, for stated deviations of the actual 

final temperatures (Tj and T;’) from those that would be reached in the 
absence of conduction electrons 


Equation (5) defines pairs of values 7;, H;, leading to T; 
not exceeding 7; by more than a given factor. Figure 3 
shows two 7;,, H; lines corresponding to 7;/T; =0-9 and 
T,/T; = 0-5; only T;, H; values lying under these lines satisfy 
the respective conditions. We see that in this reversible 
case nuclear demagnetizations can be carried out from a 
wide range of initial conditions without the results being 
appreciably influenced by the conduction electrons. 

Let us next consider the irreversible case. T; is now given 
by the condition 


De T. 
[Gar = le Cdr 
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where TP 


and C,=y7T. Making the same simplifying assumptions as 
before we have 
Te y T? re 
=— — —s— eaere = : 109 eee 
: 7 3-9 x H (6) 
(with h =3 gauss, the value found for copper’). 
As may be seen from Figure 3, the conduction electrons 
have a great effect in this case; the lines for T;/T; = 0-9 and 
T;/T =0-5 leave only a small range of permissible 7,, H, 
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values. The third line for the irreversible case refers to 
T//T, =0-9 and defines the limits of the nuclear cooling 
experiments with copper under conditions of poor energy 
exchange between nuclear spins and conduction electrons. 

The foregoing calculations show that the effect of the 
heat capacity of the conduction electrons is negligible in 
the reversible case but not if the process is irreversible. We 
shall next discuss whether under actual experimental con- 
ditions there is equilibrium between the nuclear spin 
system and the conduction electrons during demagnetiz- 
ation. For the simplest case of J=} (two nuclear spin 
orientations of energy difference u, to be denoted by ‘+’ 
and ‘—’), the approach to equilibrium between the nuclear 
spins and their surroundings is given by 


an_- 1 

FF =i Ut No) pees tf 
where n = N,—WN_ is the population difference between 
the two states and n, is the distribution corresponding to 
temperature equilibrium with the ‘temperature bath’, i.e. 
the conduction electrons at T). The relation between the 
relaxation time 7 and the transition probability for a 
nuclear spin flip is given by 


1 u 

Zz = 2wcosh kT, 
with w, = wexp(—u/kT)) 
and w. = wexp(u/kT>) 


being the probabilities for the (+ —)and(— +) transitions, 
respectively. In most cases of practical interest u/kT, <1 
and 7 is independent of the level separation; it depends, 
however, as mentioned earlier, on the temperature of the 
conduction electrons. We can define by means of n a 
nuclear spin temperature 7,” and as long as u/kT <1 we 
have nx 1/T and equation (7) may be written 
OW tg tp 
Rone (1 7) ean (| 
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where T, is the temperature of the conduction electrons. 
The rate of heat transfer from the conduction electrons to. 
the nuclear spins is then given by 


3 A Gar = UF) e('-z) 9) 


e 
(C, = A(H/T)* being the specific heat of the nuclear spins 
in a magnetic field H), or by 


dT, 


€ 


syle dt 

(yT, being the specific heat of the conduction electrons). 
Remembering that 77, =a (constant), we have 

OT: seal yea 

tins 5 alee at 

We must now calculate the value of (7/T,)(T.—T) which 

makes the cooling rate d7T,/dt of the conduction electrons 


(T=T) 1010) 
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about equal to the cooling rate of the nuclear spins due to 
‘demagnetization. Let us assume that the field is reduced at 
a constant rate, dH/dt = —f, then for the nuclear spin 
| system alone 


| T. 
: d aegis A nape | 
| and hence a HP 
equating this with the right-hand side of equation (8), we 
find fe 
*T; 


P(t-1) = 8(F) A ~aa(Z) re 


Substituting numerical values (« = 1 sec/deg.K, B = 10° 
-gauss/sec), we find with 7; = 1-2 10-?°K and H; = 104 
gauss 


(T,-T) = 4x10-°°K 


In other words, not till a temperature of about 4 x 10-4°K 
is reached does the temperature difference between con- 
duction electrons and nuclear spins exceed 10 per cent. We 
were thus justified in regarding 7/H as constant during 
most of the demagnetization. It is true that while in the 
final stage the temperature of the nuclear spins drops from 
4x 10-4 °K to” 
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the conduction electrons will lag behind. But, as may be 
seen from Figure 3, at these temperatures even irreversible 
cooling of the conduction electrons will have only a 
negligible effect. 

It can also be shown that at the end of demagnetization 
the time-lag is only of the order of seconds. In equation (8), 
T the temperature of the nuclear spins may now be taken 
as constant and equal to 3-6 x 10-*°K, H=h = 3-0 gauss, 
and since 7, > T except at the very end we have a constant 
cooling rate for the conduction electrons given by 


dT, AMP 


=< = ———— = 10-*deg.K/sec  ...(12) 
a 


(Note: The first detailed discussion of the establishment 
of thermal equilibrium in a nuclear cooling experiment is 
due to Kittel.24 He based his calculations on the early ex- 
periments of Kurti et al.1 which gave a much higher value 
of h (25 gauss) than the present one. Although Kittel’s 
numerical values have been superseded by the present 
ones, his main argument remains correct; in spite of the 
small transition probability for the Korringa relaxation 
process at very low temperatures (10-§ sec“? at 10-®°K), 
the conduction electrons can take part in the nuclear cool- 
ing process. The physical explanation is that although 
the probability for a nuclear spin flip is small, very few 
such flips are necessary to cool the conduction electrons.) 
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We have assumed all along that immediately before 
demagnetization the thermal contact with the electronic 
stage is broken so that the nuclear stage as a whole—i.e. 
nuclear spins, conduction electrons, and lattice—is 
thermally insulated. While this should be possible with a 
superconducting heat-switch, various experimental diffi- 
culties have prevented the use of such a device and so far 
all experiments have been carried out without a heat- 
switch. This may seem to make nonsense of these 
nuclear cooling experiments, but the presence of the two 
thermal resistances, nuclear spin—conduction electron re- 
laxation and heat transfer from copper to paramagnetic 
salt, justified the expectation of an observable cooling 
effect. 

As mentioned above a typical specimen used in the 
nuclear cooling experiments consists of a bundle of insu- 
lated copper wires, about 35 cm long, whose lower 
end constitutes the nuclear stage and whose upper end is 
embedded into the electronic stage of chrome potassium 
alum. This specimen is suspended in a jacket whose walls 
are at a low enough temperature ( < 0-35°K) for heat influx 
due to gas to be negligible. Mutual inductance coils sur- 
rounding the electronic stage and the nuclear stage permit 
the measurement of their respective susceptibilities and 
hence their temperatures. 

The apparatus used in the first experiments had two 
main shortcomings. The nuclear susceptibility was meas- 
ured by a ballistic method; thus no continuous record of 
the rather rapid warming-up of the nuclear stage could be 
obtained, and this made the analysis of the results difficult. 
The second difficulty was caused by the manganous 
ammonium sulphate cylinder used to cool the shield sur- 
rounding the nuclear stage to about 0-1°K. Since this 
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Figure 4. Schematic view of the cryostat for nuclear demagnetization 
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cylinder was at the height of and concentric with the 
electronic stage, it was impossible to determine with any 
accuracy the temperature of the latter and hence 7}. 

To remedy these drawbacks, a new apparatus was con- 
structed2? which uses a shield cooled by liquid helium-3 
and an a.c. mutual inductance bridge permitting continu- 
ous measurement of the nuclear susceptibility starting 
about 2 sec after demagnetization. The apparatus is shown 
diagrammatically in Figure 4. Figure 5 is a photograph of 
the cryostat, with the magnetizing solenoid. 


Results and discussion 


We shall now briefly describe some of the results 
obtained with the new apparatus. First a series of de- 
magnetizations were carried out, all starting from the same 
initial temperature, 7, = 0-012°K, and from fields between 
3 kgauss and 30 kgauss. Figure 6 shows the recorder graph 
of the nuclear susceptibility after a typical demagnetiza- 
tion. The mutual inductance was balanced at the starting 
temperature and the amplifier sensitivity so adjusted that 
the lowest temperature (highest susceptibility) gave ap- 
proximately full deflection. Immediately after the nuclear 
stage had warmed up to the starting temperature—this 
usually took about 90 sec—the instrument was calibrated 
by altering the compensating mutual inductance in known 
steps. The times corresponding to integer values of the 
mutual inductance were then read off these warming-up 
curves and plotted logarithmically, as shown in Figure 7. 
Since the mutual inductance ts proportional to the nuclear 
susceptibility, these plots in effect give nm =N,—N_ or 1/T 
as a function of time. If the warming-up is governed by a 
relaxation process between nuclear spins and conduction 
electrons, the latter being at a constant temperature given 
by the electronic stage (7,57), one would expect, 
according to equation (8), straight lines, all parallel to each 
other. We see that the lines are indeed nearly parallel, 
though there is a slight curvature. 

The following simple experiment was carried out to 
prove that during this warming-up the conduction elec- 
trons are not in thermal contact with the nuclear spins but 
rather with the electronic stage. About 10 sec after de- 
magnetization, that is as soon as the trend of the warming 
curve could be ascertained, the nuclear stage was exposed 
to a burst of y-rays of a few seconds’ duration and of an 
intensity calculated to generate in the specimen a quantity 
of heat of about 10 ergs. If the lattice and the conduction 
electrons had been in temperature equilibrium with the 
nuclear spins, the nuclear spin temperature would sud- 
denly have risen to that of the electronic stage, since the 
enthalpy of the nuclear stage between 10-§°K and 10-2°K 
is only 4 ergs. The recorder graph, however, was un- 
affected, indicating that all the energy released by the 
y-ray absorption went into the electronic stage without the 
temperature of even the conduction electrons being 
appreciably increased. Since the nuclear spin-conductance 
electron relaxation time is proportional to 1/T the warm- 
ing-up curve would have become steeper if the conduction 
electrons had been heated. 
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Figure 5. View of the nuclear cooling apparatus. Underneath the metal 
Dewar, enclosing the actual cryostat, is the water-cooled high powered 
solenoid 
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Figure 6. Recorder graph of the magnetic thermometer. Right: nuclear susceptibility after demagnetization; Left: calibration of the bridge with 
a variable mutual inductance. Each small division represents 5 sec 


A number of nuclear demagnetizations were carried out 
with the electronic stage, and hence the conduction elec- 
trons, at higher temperatures, and these experiments served 
to determine the temperature dependence of the relaxation 
time. The results are given in Figure 8 which shows that 
the temperature dependence is not far off the predicted 
one. The straight line gives 77 =0-4 sec.deg.K, which 
agrees reasonably well with the value of 7T=0-45 
sec.deg.K found by Anderson and Redfield’ in the liquid 
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Figure 7. Nuclear susceptibility (in arbitrary units) as a function of 

time after demagnetizations from 0:012°K and the stated fields. The 

brokenline (— — — —) indicates the trend one would expect if the warming- 

up were governed by the heat resistance between the paramagnetic salt 
and the copper specimen 


CRYOGENICS - SEPTEMBER 1960 


helium temperature range and in small fields. It should be 
emphasized that, as shown by these authors, the relaxation 
time increases about 2:5 times between | and 100 gauss, and 
reaches at higher fields the value of rT = 1-1 sec.deg.K. 
Figure 9 gives the final temperature reached by demagne- 
tization from 0-012°K and from various fields. The results 
obey equation (3) and from the slope of the line we obtain 
h =3-1 gauss, in good agreement with the predictions of 
various theories of interaction between nuclear spins in 
metals, and with the results from nuclear resonance experi- 
ments. Clearly, nuclear cooling is a rather cumbersome 
method for obtaining 4; but when it becomes possible to 
use 3 or 4 times larger values of H,/T; than has been done 
hitherto one would probably get below the critical tem- 
perature of the co-operative ordering of nuclear spins and 
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Figure 8. Relaxation time as a function of the reciprocal of the conduc- 
tion electron temperature 
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Figure 9. Temperatures attained by nuclear demagnetization from 
0-:012°K and various fields 


then the question of whether nuclear spins are ordered ina 
ferromagnetic or an antiferromagnetic way may perhaps 
be answered. 

Finally, one possible objection to the validity of these 
results must be discussed. Since we have used no heat- 
switch the nuclear stage was in, albeit weak, thermal con- 
tact with the electronic stage both after and during de- 
magnetization. If the demagnetization could be carried out 
quickly the error so introduced would be small; but, in 
order to keep eddy current heating in the copper specimen 
within permissible limits, the demagnetization has to be 
rather slow, at the rate of about | kgauss/sec. We can calcu- 
late under certain simplifying assumptions how the heat 
contact during demagnetization affects the final tempera- 
ture. There are two main heat resistances between the 
nuclear spin system and the paramagnetic salt of the 
electronic stage: at the boundary between the paramag- 
netic specimen and the copper, given by equation (4), and 
between the conduction electrons and the nuclear spins, 
characterized by the relaxation time +. We shall consider 
the two extreme cases where one or the other of these 
resistances is zero. 

(1) Good heat contact at the paramagnetic salt so that 
the heat transfer to the nuclear spins is governed by, and is 
given at any moment by, equation (9). On the other hand, 
during demagnetization, as long as H > h, we have for the 
rate of heat influx to the nuclear spins 

dQ dH HdH fe se Oe 13 
= =e SRG) 


since the internal energy of a system of ideal spins is 
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constant. Assuming demagnetization at a constant rate, 
i.e. H = H,—ft, and combining equation (9) and equation 
(13) we obtain the following relation between T and H 


(1-5) = 8+ A =F .. 14) 
Integration gives 
Ti; Br 
r = + gl —exp(—17)] Bree ES 


We obtain 7,” the final temperature reached for complete 
demagnetization in case (1), by letting H = H;—Bt de- 
crease to a fictitious field h. Remembering that in all cases 
of practical interest H,/h > 1, we have 


n> ie exp (— H;/Br)] .. (16) 


Since in the ideal adiabatic-reversible case 


T; H, 


1 1 


7h 
we obtain for the ratio of final temperatures 


Tf H; 
T ~ Br{l—exp(—H;/Br)] 
(2) Short relaxation time; heat leak to the nuclear spins 
governed by the heat influx Q at the electronic stage. This is 
given by equation (4) and we can simplify the calculations 
by assuming this heat influx to be constant. Because of the 
T? dependence of Q, this is a good approximation except 
for the initial stages of the demagnetization and will, 


anyway, only exaggerate the effect of this heat leak. We 
now have, analogously to equation (13) 


gn att Hat) a 


AD 


and, with H = H,—Bt 


On pe 


a= Tl! ran tes 


Integration between H; and A (i.e. T; and 7,2) gives 


oem [ Feel) em 


and, as above, 


T? ie 6) 

Tis) = if [1-7 8 ( | A @AY) 
Wecan nowcalculate the effect of non-adiabaticconditions 
in these two extreme cases by substituting into equations 


(17) and (21) the following numerical values appropriate 
to our experiments: 


CRYOGENICS : SEPTEMBER 1960 


T, = 1:2x 10-?°K 


1 


h = 3-1 gauss 
A = 1-1 x 10-7 (for 4 g.atom of Cu) 
Q = lerg/sec 


Tt = 90sec (corresponding to rT = 1-1 sec.deg.K found 
by Anderson and Redfield?* for H > 100 gauss) 


B = 10° gauss/sec. 
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i— 
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Figure 10. The effect of non-adiabatic conditions during demagnetiza- 

tion on the final temperatures. Case (1): Good heat contact at the 

paramagnetic salt, heat influx governed by the relaxation time; Case 

(2): Short relaxation time, heat influx governed by the thermal 
resistance at the paramagnetic salt 


The two curves of Figure 10 representing equations (17) 
and (21) give the maximum deviations from ideality, since 
in each of these cases one of the energy transfer mechan- 
isms was considered perfect. The actual values of 7;/7,° 
lie below these curves, and in fact must always lie below 
the lower of the two curves, in the shaded area. The 
maximum possible deviation from ideal behaviour is thus 
8 per cent, the actual deviation being less. 

(Note: Similar calculations can-be done for constant 
demagnetization times fy instead of for constant field 
reduction rates, simply by substituting in equations (17) 
and (21) H;/t, for 8. One finds that for low values of H; the 
deviation may rise to 20 per cent, but for H; > 15 kgauss 
the effect becomes comparable with that for 8 = constant.) 

We can now discuss qualitatively what happens during 
demagnetization. For low values of H,/T; we shall have, 
at the beginning of the demagnetization, case (2); this is 
because the nuclear spin system can absorb energy from 
the conduction electrons at a higher rate than the heat 
influx Q from the paramagnetic stage. But as the bulk 
copper cools the relaxation time gets longer and finally the 
nuclear spins and conduction electrons ‘separate’ (this 
occurs at a few thousandths of a degree according to the 
conditions), the latter warming to 7; and the former con- 
tinuing to cool to 7;. This discussion shows that, while in 
the present experimental arrangement the conduction 
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electrons do not reach the lowest temperatures attained 
by the nuclear spins, they do, under favourable conditions, 
participate in the cooling process. It seems feasible, there- 
fore, to cool bulk copper below 10-® °K by nuclear cooling 
even without the use of a thermal switch. In view of the 
difficulty of establishing thermal contact with paramag- 
netic salts below 10-? °K, this may be a useful method for 
the study of metals between 10-°°K and 10-?°K. 

A number of attempts have been made?* to carry out 
nuclear demagnetizations with a superconducting heat- 
switch between the nuclear and the electronic stage, but 
the results have been disappointing. In some cases no 
nuclear cooling was observed at all, while in others the 
warming-up rate of the nuclear spin system was fast, 
indicating a rather high conduction electron temperature. 
The first behaviour could be explained by too low a 
thermal conductivity of the thermal switch at 0-01 °K and 
in a strong magnetic field, while the second behaviour may 
be due to heating in the switch by eddy currents or by the 
normal-superconducting transition. The development of a 
satisfactory heat-switch and an improvement in the start- 
ing conditions H,/T; from the present value of about 30 
kgauss/deg.K to about 100 kgauss/deg.K (for some other 
nuclei, e.g. protons, a more modest increase would suffice) 
seem to be the two main short-term technical aims of 
nuclear cooling. The solution of these two problems would 
open the way to the study of ordered nuclear spin systems 
in thermal equilibrium with their surroundings and to 
investigations about the behaviour of conduction electrons 
down to temperatures of 10-7 °K. 


REFERENCES 


1. Desye, P. Ann. Phys. 81, 1154 (1926) 

2. GIAUQUE, W. F. J. Amer. chem. Soc. 49, 1870 (1927) 

3. ABRAGAM, A., and Proctor, N. G. Phys. Rev. 109, 1441 (1958) 

4. GarRRETT, C. G. B. Magnetic Cooling (Harvard University Press, 

Cambridge, Mass., 1954) 
5. DEKLERK, D., and STEENLAND, H. J. Progress in Low Temperature 
Physics, Vol. 1, p. 224 (North Holland, Amsterdam, 1955) 
. AMBLER, E., and Hupson, R. P. Rep. Progr. Phys. 18, 251 (1955) 
. DE KLERK, D. Encyclopedia of Physics, Vol. 15, p. 38 (Springer, 
Berlin, 1956) 
8. Kurti, N. Nuovo Cim. 6, Suppl. 3, 1101 (1957) 
9. PURCELL, E. M., and PounD, R. V. Phys. Rey. 81, 279 (1959) 

10. Gorter, C. J. Phys. Z. 35, 923 (1934) 

11. Kurmti, N., and Simon, F. E. Proc. roy. Soc. A149, 152 (1935) 

12. SIMON, F. E. Le Magnetisme, Vol. 3, p. 1 (Collection Scientifique, 
Strasbourg, 1940) 

13. Kurti, N., ROBINSON, F. N. H., SIMON, F. E., and Spour, D. A. 
Nature, Lond. 178, 450 (1956) 

14. Hospen, M. V., and Kurt, N. Phil. Mag. 4, 1092 (1959) 

15. Korrinaa, J. Physica, 16, 601 (1950) 

16. ANDERSON, A. G., and REDFIELD, A. G. Proceedings of the 5th 
International Conference on Low Temperature Physics, p. 616 
(University of Wisconsin Press, Madison, 1958) 

17. RoBINSON, F. N. H. Thesis (Oxford, 1954) 

18. MigDEMA, A. R., PosTMA, H., VAN DER VLUGT, N. J., and STEEN- 
LAND, M. J. Physica, 25, 509 (1959) 

19. MENDOZA, E. Les Phénoménes Cryomagnétiques, p. 48 (Collége 
de France, Paris, 1948) 

20. ABRAGAM, A. Yearbook of the Physical Society, p. 61 (1958) 

21. KitreL, C. Phys. Rev. 104, 1807 (1956) 

22. HOBDEN, M. V. Thesis (Oxford, 1960) 


11 


Abstracts 


A JOULE-THOMSON HELIUM LIQUEFIER AND 
SOME PROBLEMS IN ITS DESIGN 


D. H. PARKINSON 


TuIs paper gives the construction and layout of a Joule-Thomson 
helium liquefier which yields 8 |./hr with a consumption of 1:3 1. of 
liquid hydrogen for each litre of liquid helium produced. Attention 
is given only to certain unusual aspects of design such as the use of 
Collins and space-wound cross-flow exchangers above the liquid 
nitrogen and liquid hydrogen bath. The choice of heat exchangers 
and problems of ‘splash’ and heat transfer in the liquid hydrogen 
bath are discussed. Methods of dealing with ‘splash’ and of obtaining 
more effective pre-cooling have been tried out. 


RECENT IMPROVEMENTS IN INSULANTS 


A. H. COCKETT W. MOLNAR 


A THEORETICAL examination of the modes of heat transfer through 
evacuated insulants has been made and applied to experimentally 
determined thermal conductivities to separate the heat transferred 
by conduction from that transferred by radiation. The contribution 
due to radiation for a powder like Santocel is a high proportion of 
the total and the admixture of particles of high emissivity effects an 
appreciable reduction. A multiple screen insulant incorporating 
aluminium foils with net separators is also shown to have low 
thermal conductivity. 


METALLOGRAPHY AT LIQUID HELIUM 
TEMPERATURES 


D. HULL H. M. ROSENBERG 


AN apparatus has been designed for the microscopic examination 
of metals at liquid helium temperatures and it has been used to study 
the martensitic transformations which occur in lithium and sodium. 
At 20° K between 40 and 50 per cent of the large grained specimens 
of sodium were transformed to the new phase and no further 
change was observed on cooling to 6° K. For small grained speci- 
mens the amount of transformation was much less. For lithium 
nearly the whole of the specimen had transformed to the new phase 
at 20° K. Transformation started at 31° K for sodium and at ap- 
proximately 76° K for lithium. 


A CRYOSTAT FOR STUDYING 
TRANSURANIC SUBSTANCES 


G. T. MEADEN J. A. LEE 


A CRYOSTAT used in conjunction with a glove-box is described. Such 
an apparatus is suitable for measuring the electrical resistivity and 
Hall effect of strongly alpha-active metals and alloys over the 
temperature range 1-4~-300° K. 


ON THE PROPERTIES OF THE 
VAPOUR PRESSURE CURVE 


E. H. BROWN 


Some general mathematical properties of the vapour pressure as a 
function of temperature are investigated by rigorous methods. In 
particular, the limiting shape of the vapour pressure curve is 
shown to be determined by the vanishing of the limits of the 
derivatives of all orders in the neighbourhood of absolute zero. 
Some comments on the inapplicability of the Third Law of Thermo- 
dynamics to the sublimation curve are included. 
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ON THE SPECIFIC HEAT OF LIQUID 
HELIUM IN BRENIG’S THEORY 


W. E. PARRY D. TER HAAR 


THE specific heat of a system of non-interacting bosons is calculated 
assuming an energy spectrum of the Brenig type. Such a spectrum 
consists of a linear phonon branch which is cut off at a certain wave 
number k, and a quadratic quasi-particle branch which starts at 
k, and which is characterized by an effective mass m. The specific 
heat c, shows a discontinuity at a transition temperature 7,. The 
dependence of T;, the height of the cy curve, and the magnitude of 
the jump in cy at T=T, on ky and m are investigated. 


A CRYOGENIC DEVICE FOR IRRADIATION 
IN LIQUID NITROGEN 


L. BOCHIROL J. DOULAT L. WEIL 


A BRIEF review of existing types of liquid nitrogen loops followed 
by a description of a loop operating according to a new principle, 
for irradiation in a permanent liquid nitrogen bath. This extra-pure 
nitrogen contained in a small vessel is recondensed in ordinary 
liquid nitrogen at a certain distance from the core in a zone where 
the flux is weak, so as to eliminate any explosion hazards, and 
flows back into the bath under the action of gravity. The design 
of the apparatus is extremely simple and it is reliable in operation 
owing to the absence of mechanical circulating equipment. The 
consumption of nitrogen is quite small. The apparatus enables the 
samples to be taken out in a cold condition. It has operated satis- 
factorily for several continuous one-week periods. 


THE EFFECT OF RADIATION DAMAGE ON 
THE THERMAL CONDUCTIVITY OF 
SUPERCONDUCTORS 


K. D. CHAUDHURI K. MENDELSSOHN 
M. W. THOMPSON 


THE effect of neutron irradiation at 30° C on the thermal con- 
ductivity of niobium and vanadium single crystals has been in- 
vestigated at low temperature. Measurements were carried out in 
both superconducting and normal states where conduction is due 
predominantly to phonons and electrons, respectively. The ob- 
served effect on the phonon conductivity indicates an increase in 
the dislocation density whereas changes in electron conduction 
revealed the presence of vacancies. 


CRYOSTATS FOR OPTICAL INVESTIGATIONS 


Po) PESTEM R. PHILIP 


THREE types of cryostat for optical investigations are described: 
for visible, ultra-violet, and infra-red light. They are of simple 
design, have a very small consumption of liquid coolant, and take 
up little space. These instruments can be used for the examination 
of absorption spectra and luminescence or for the cooling of 
photomultipliers. 
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Resumes 


APPAREIL JOULE-THOMSON DE 
LIQUEFACTION DE L’HELIUM 
ET 
CERTAINS PROBLEMES DE SA CONSTRUCTION 


D. H. PARKINSON 


CeT article décrit la construction et le schéma de montage d’un 
appareil Joule-Thomson de liquéfaction de l’hélium qui produit 
8 1./h. avec une consommation de 1,3 |. d’hydrogéne liquide, 
pour chaque litre d’hélium liquide produit. On explique seulement 
certains aspects peu communs de la construction, tels que l’emploi 
d’échangeurs Collins et d’échangeurs 4a circulation transversale et 
serpentins a intervalles au-dessus du bain a azote liquide et a 
hydrogéne liquide. Le choix des échangeurs de chaleur et les 
problémes ‘d’éclaboussage’ et de transmission de chaleur dans le 
bain d’hydrogéne liquide y sont discutés. Des méthodes ont été 
essayées pour parer a ‘l’éclaboussage’ et pour obtenir un 
refroidissement préalable plus effectif. 


RECENTS PROGRES EN ISOLANTS 


A. H. COCKETT W. MOLNAR 


Une étude théorique des modes de transmission de la chaleur 
a travers les isolants évacués a été faite et appliquée pour déter- 
miner expérimentalement les conductibilités thermiques, pour 
séparer la chaleur transmise par conductivité de celle transmise par 
rayonnement. La contribution due au rayonnement pour une poudre 
telle que Santocel, représente une proportion élevée du total et 
le mélange de particules 4 forte émission produit une réduction 
appréciable. On démontre également un isolant 4 écrans multiples 
incorporant des clinquants en aluminium avec séparateurs en 
filet ayant une basse conductibilité thermique. 


METALLOGRAPHIE AUX TEMPERATURES 
DE L’HELIUM LIQUIDE 


D. HULL H. M. ROSENBERG 


Unappareil a été construit pour l’examen microscopique des métaux 
aux températures de |’hélium liquide, et il a été utilisé pour étudier 
les transformations martensiques qui se produisent dans le lithium 
et le sodium. A 20° K entre 40 et 50 pour cent des spécimens de 
sodium a gros grains furent transformés a la nouvelle phase, et 
aucune autre transformation ne fut observée en refroidissant a 
6° K. Pour des spécimens a petits grains la valeur de la trans- 
formation fut beaucoup plus basse. Pour le lithium presque tous les 
spécimens furent transformés a la nouvelle phase a 20° K. La 
transformation commenga a 31° K pour le sodium et approxima- 
tivement a 76° K pour le lithium. 


CRYOSTAT POUR L’ETUDE DES SUBSTANCES 
TRANSURANIQUES 


G. T. MEADEN J. A. LEE 


UN cryostat utilisé en conjunction avec une boite a gants est décrit. 
Cet appareil est utile pour mesurer la résistance électrique et de 
Veffet Hall de métaux et alliages fortement alpha-actifs, sur une 
gamme de température de 1,4 a 300° K. 
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SUR LES PROPRIETES DE LA 
COURBE DE PRESSION DE VAPEUR 


E. H. BROWN 


CERTAINES propriétés mathématiques générales de la pression de 
vapeur comme fonction de la température sont examinées par des 
méthodes rigoureuses. En particulier, on démontre que limite 
de forme de la courbe de pression de vapeur est déterminée par la 
disparition des limites des dérivés de tous ordres dans le voisinage 
du zéro absolu. Cet article comprend quelques commentaires sur 
Vimpossibilité d’application de la Troisitme Loi de la Thermo- 
dynamique a la courbe de sublimation. 


SUR LA CHALEUR SPECIFIQUE DE L’HELIUM 
LIQUIDE DANS LA THEORIE DE BRENIG 


W. E. PARRY D. TER HAAR 

LA chaleur spécifique d’un systéme de bosons non-conjugués est 
calculée en présumant un spectre d’énergie du type Brenig. Un tel 
spectre consiste en une branche linéaire de phonons qui est 
coupée a un certain nombre d’onde ky et en une branche quasi- 
particule quadratique qui commence a k, et est caractérisée par une 
masse effective m. La chaleur spécifique cy montre une discontinuité 
a une température de transition 7,. L’on recherche la dépendance 
de 7,, la hauteur de la courbe cy et la magnitude du saut dans 
Cyrae—t ceSUn Kg Clit. 


DISPOSITIF CRYOGENIQUE POUR 
IRRADIATION DANS L’AZOTE LIQUIDE 


L. BOCHIROL J. DOULAT L. WEIL 
APRES une bréve revue des boucles a azote liquide construites 
jusqu’ici, on décrit une boucle fonctionnant sur un principe nouveau 
et permettant l’irradiation dans un bain permanent d’azote liquide. 
Cet azote extra-pur, confiné dans un volume réduit, est recondensé 
par de l’azote liquide ordinaire, 4 une certaine distance du cceur, 
dans une région ow le flux est atténué—ce qui élimine tout risque 
d’explosion—et regagne le bain par gravité. L’absence de tout 
appareil mécanique de circulation rend la construction trés simple 
et le fonctionnement sir. La consommation est réduite. Le dis- 
positif permet la récupération des échantillons froids. Il a fonctionné 
de facon satisfaisante pendant plusieurs périodes continues d’une 
semaine. 


L’EFFET DE L7ENDOMMAGEMENT PAR 
RADIATION SUR LA CONDUCTIBILITE 
THERMIQUE DES SUPERCONDUCTEURS 


K. D. CHAUDHURI K. MENDELSSOHN 
M. W. THOMPSON 
L’EFFET de l’irradiation par les neutrons a 30° C sur la conductibilité 


thermique des cristaux simples de niobium et de vanadium a été 
étudié a basse température. Les mesures ont été prises tant a 
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’état supraconducteur qu’a létat normal, lorsque la con- 
ductibilité est surtout due aux phonons et aux électrons respective- 
ment. L’effet observé sur la conductibilité des phonons indique une 
augmentation de la densité de dislocation alors que les change- 
ments dans la conductibilité des électrons révélent la présence de 
vacances. 


Auszuge 


EIN JOULE-THOMSON HELIUMVERFLUSSIGER 
UND EINIGE DAMIT VERBUNDENE 
KONSTRUKTIONSPROBLEME 


D. H. PARKINSON 


Die Konstruktion und Anordnung eines Joule-Thomson Helium- 
verfliissigers, der 8 Liter pro Stunde liefert, bei einem Verbrauch 
von 1,3 Liter fliissigen Wasserstoffs pro Liter fliissigen Heliums 
wird beschrieben. Einige aussergewohnliche Konstruktions- 
probleme, wie z.B. die Benutzung von Collins- und Kreuzstrom- 
warmeaustauschern mit Windungen iiber dem fliissigen Stickstoff 
und fliissigem Wasserstoff werden hervorgehoben. Die Wahl der 
Wa4rmeaustauscher und die Probleme des Spritzens und des 
Warmeaustausches in fliissigem Wasserstoff werden untersucht. 
Verfahren zur Vermeidung des Spritzens und um eine wirkungs- 
vollere Vorkihlung zu erreichen werden untersucht. 


NEUVERE ENTWICKLUNGEN AUF DEM 
GEBIETE DER ISOLIERSTOFFE 


A. H. COCKETT W. MOLNAR 


EINE theoretische Untersuchung der Wédarmeiibertragung durch 
Isolierstoffe in Vacuum wurde ausgefiihrt und die Resultate wurden 
mit durch Experiment bestimmten Warmeleitfahigkeiten verar- 
beitet, um die Warmeiibertragung durch Leitung von der durch 
Strahlung zu trennen. Die Warmeiibertragung durch Strahlung 
macht bei Pulver, wie z.B. Santocel, einen grossen Prozentsatz der 
gesamten Warmeibertragung aus, wird aber durch Beimischung 
von Teilchen mit einer hohen Emission erheblich reduziert. Ein 
aus mehreren Lagen bestehender Schirm mit Aluminiumfolie und 
netzartigen Abstandschichten hat ebenfalls eine niedrige Leit- 
fahigkeit. 


METALLOGRAPHIE BEI DER 
TEMPERATUR DES FLUSSIGEN HELIUMS 


D. HULL H. M. ROSENBERG 


BESCHREIBUNG eines Gerats fiir die mikroskopische Untersuchung 
von Metallen bei der Temperatur des fliissigen Heliums. Dieses Gerat 
wurde zur Untersuchung der martensitischen Umwandlungen in 
Lithium und Natrium benutzt. Zwischen 40-50% eine Probe 
grobkristallinen Natriums wurden bei 20°K in die neue Phase 
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CRYOSTATS POUR ETUDES OPTIQUES 


P. PESTEIL R. PHILIP 


On décrit trois types de cryostats destinés aux études d’optique en 
lumiére visible, ultra-violette ou infra-rouge. Leur construction est 
simple, leur consommation en liquide réfrigérant minime et leur 
encombrement faible. Utilisation possible de ces appareils pour 
étude des spectres d’absorption et de luminescence et pour le 
refroidissement de photomultiplicateurs. 


iibergefiihrt, und beim Kihlen auf 6°K wurden keine weiteren 
Anderungen bemerkt. Fiir feinkristalline Proben ist der umgewan- 
delte Prozentsatz viel kleiner. Bei Lithium wurde beinahe die 
ganze Probe bei 20° K in die neue Phase umgewandelt. Die 
Umwandlung begann bei 31° K bei Natrium und ungefahr 76° K 
bei Lithium. 


EIN KRYOSTAT FUR DIE UNTERSUCHUNG 
TRANSURANISCHER SUBSTANZEN 


G. T. MEADEN J, As LEE 


BESCHREIBUNG eines Kryostaten in Verbindung mit einem 
strahlungsgeschiitzten Abzug. Ein solches Gerat eignet sich zum 
Messen des spezifischen elektrischen Widerstandes und des 
Halleffektes starker alpha-aktiver Metalle und Legierungen im 
Temperaturbereich von 1,4-300° K. 


ZU DEN EIGENSCHAFTEN DER 
DAMPFDRUCKKURVE 


E. H. BROWN 


EINIGE allgemeine mathematische Eigenschaften der Dampf- 
druckkurve (als Funktion der Temperatur) werden genauer unter- 
sucht. Insbesondere wird gezeigt, dass die Grenzform der Dampf- 
druckkurve dadurch gegeben wird, dass die Grenzwerte der 
Differenzialkoeffizienten aller Ordnungen in der Nahe des 
Nullpunktes unendlich klein werden. Einige Bemerkungen werden 
auch zur Unméglichkeit der Anwendung des dritten Hauptsatzes 
der Thermodynamik auf die Sublimationskurve gemacht. 


UBER DIE SPEZIFISCHE WARME FLUSSIGEN 
HELIUMS IN DER THEORIE VON BRENIG 


W. E. PARRY D. TER HAAR 


Die spezifische Warme eines Systems von nicht einander be- 
einflussenden Bosonen wird mit Annahme eines Energiespektrums 
nach Brenig berechnet. Ein solches Spektrum besteht aus einem 
linearen Phononzweig, der bei einer bestimmten Wellenzahl k, 
abgeschnitten wird, und einem quadratischen Quasiteilchenzweig, 
der bei ky anfangt und durch eine effektive Masse m gekennzeichnet 
wird. Die spezifische Warme cy, weist bei der Ubergangstemperatur 
T, einen Sprung auf. Die Beziehungen zwischen T,, der Hodhe 
der cy-Kurve und der Grésse des Sprunges bei cy bei T=T7> auf 
ky und m werden untersucht. 
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AUSZUGE 


EIN TIEFTEMPERATURGERAT FUR 
BESTRAHLUNG IN FLUSSIGEM STICKSTOFF 


L. BOCHIROL J. DOULAT L. WEIL 
Eine kurze Ubersicht iiber die bereits bestehenden Stickstoffschleifen, 
mit Beschreibung einer nach einem neuartigen Prinzip arbeitenden 
Schleife fiir Bestrahlung in einem Stickstoffbad. Besonders gerei- 
nigter Stickstoff befindet sich in einem kleinen Behalter; der Dampf 
wird von gewohnlichem fliissigem Stickstoff in einiger Entfernung 

_vom Kern in einer Zone mit niedrigen Neutronenfiuss kondensiert, 

um Explosionen zu vermeiden. Das Kondensat fliesst dann unter 
seinem eigenen Gewicht ins Bad zuriick. Die Konstruktion dieses 
GerAts ist 4usserst einfach und es ist im Betrieb sehr zuverlassig, 
da es keine mechanische Umlaufapparatur enthalt. Der Stickstoff- 
verbrauch ist sehr gering. Es ist méglich, die Proben im kalten 
Zustand herauszunehmen. Das Gerat ist wahrend mehrere kon- 
tinuierlicher Perioden von je einer Woche erfolgreich in Betrieb 
gewesen. 


Pe3rome 


AsKHOVJIb TOMCOHA PA3HKWGKUTEJIb TEJIMA VW 
HEHOTOPBIE IITPOBJIEMbI ETO HOHCTPYHIUMU 


D. H. PARKINSON 


OTOT FOKNIAL WaeT KOHCTPyYKUMIO u cxemy Jixoynb Tomcona 
PastHWHKMTeIA TremMuA c BEIxof0m 8 s/4ac, noTpedmAA 1,3 
m/4ac *KMAKOTO BOMOpOAAa Ha Kab IUMTP NpoMsBex_eHHOTO 
*KMAKOTO remmA. BuumManue OOpaljeHoO TOMbKO Ha HEKOTOpbIe 
HeOObIKHOBEHHBIC BMJbI KOHCTPyKUMM, Kak, Halpmep, 
ymotTpeOseHue Ha BaHHaMM a30Ta UM MuUKOTO BOROpoma 
Hommmuuca M mepeKpecTHoro TOKAa TelmsO0OMeHHUHOB. J]uc- 
HyTUpyeTcA BLIOOpP TeMNOOOMCHHMKOB M MpoOsembL «OpHsru- 
BaHvA) M Mepewqaum Tena B BaHHY ?*KMKOTO BOOpona. 
Bb MCibITAaHKI MeTOAB 10 «OpEI3rMBaHMiO) M MOJLyYeHMIO 
GOomee sfbeKTMBHOTO MpeABapMTeNbHOrO OXTAKeHMA. 


HOBbIE JIOCTU+KEHUA B USOJIMPOBOUHBIX 
MATEPHMAJIAX 


A. H. COCKETT W. MOLNAR 


Brio MpoBeseHo uccnefoBaHue opm Nepewaum Tensia yvepes 
3BAKYMPOBAHHble M30IMpOBOUHbIe MaTepMasbl M MpMMeHeHO 
K 9KCHePMMeHTAIbHO ONpeeeHbIM YCUbHEIM TEMNOMNpOBOL- 
HOCTAM, UTOOL! OTACIUTh TenuOTy NWepefaHHy!0 MpoBosu- 
MOCTHIO OT TENJOTH TepeaHHolt M3yueHuem. 

Yacrb nmepesanHad pagvaumelt WA nopowiKa Kak CanTocel 
cocTaBsIAeT OONbUIyIO MpoMopyMIo Wenoro, uM WobaBneHue 
YaCTM4eK BLICOKOM JyYeUCNYCKATeIbHOCTM BbISEIBAeT 3HAUM- 
TeJIbHOe yMeHbileHue.  MuorookpaHHblit M300MpOBOUHbIit 
MaTepHadl, BKIIOUAIONM ANIOMMHMeBy!O MOUbry C CeTYaTbIMM 
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WIRKUNG VON STRAHLUNGSBESCHADIGUNG 
AUF DIE WARMELEITFAHIGKEIT VON 
SUPRALEITERN 


K. D. CHAUDHURI K. MENDELSSOHN 
M. W. THOMPSON 


Die Wirkung von Neutronenbestrahlung bei 30° C auf die Warme- 
leitfahigkeit von Niobium- und Vanadiumeinkristallen wurde 
bei niedrigen Temperaturen untersucht. Messungen wurden im 
supraleitfahigem Zustand, sowie im Normalzustand, wo die 
Leitfahigkeit iiberwiegend auf Phononen bezw. Elektronen beruht, 
ausgefiihrt. Die beobachtete Wirkung auf Phononenleitfahigkeit zeigt 
ein Anwachsen der Versetzungsdichte an, wahrend Anderung 
der Elektronenleitfahigkeit die Gegenwart von Léchern anzeigt. 


KRYOSTATE FUR OPTISCHE 
UNTERSUCHUNGEN 


Ps PESTEIL R. PHILIP 


Dre! Kryostate fiir optische Untersuchungen im sichtbaren, ultra- 
violetten und infraroten Gebiet werden beschrieben. Sie sind ein- 
fach gebaut, haben einen geringen Kuthlmittelverbrauch und bean- 
spruchen wenig Platz. Diese Gerate eignen sich zur Untersuchung 
von Absorptionsspektren und Lumineszenz, und zum Kihlen von 
Photoverstarkern. 


cemapaTopaMn, TO*Ke, KAK JOKa3aHO, aeT HU3KYIO yAeJIbHYy1O 
TeMJIOMPOBOMHOCTD. 


METAJIJIOTPA®UA MPU TEMITEPATYPAX 
HUM THOPO-PEJIMA 


D. HULL H. M. ROSENBERG 


HoxctTpykTMpoBaH ammapatT AIA MMKpOCKOMMYeCKOrO Uccue- 
OBaHMA MeTAaIIOB Ip TemMMmepaTypax KMAKOrO-renuA UM 
TIPHM€HAJIOCh K M3y4eHMIO MAapTeHCHTCKHUX TpaHcopmManuit, 
MMeIOUIMX MeCTO B uMTHe uM HaTpHe. IIpu 20° K memay 40- 
50% KpynHosepHUcTEx OOpaslOB HATPMA OLIN MpeBpallleHbl 
B HOBYylo a3y M TIpu OxTaHfenun 0 6° K He Hadstofasocn 
HMKaKOK aibHeltmei mepemenbl. Jina MasO03epHMCTHIX 
oOOpasloB KOTMYeCTBO TpaHcPOpMalMM OBLIO ropasqo0 MeHbILe. 
J{nA JIMTMA MOUTH Bech OOpasell OBI MpeBpaujeH B HOBY1O 
masy npu 20° K. TpaxchopmMauuaA Hayanach WIA HaTpMA 
pu 31° Ku AA MTHA pM mpHoOmMsntetbHO 76° KH. 


HPUMOCTAT JIA USYYEHUA TPAHCYPAHOBBIX 
BEWECTB 


G. T. MEADEN JAS LEE 


OnuchiBaetcA ynoTpeOneHHblt KpMocTaT B coeqMHeHHK 
¢ mepuaTouHoit KOpoOKon. Tarot anmapar mpuroyen AIA 
U3MepeHHA IIEKTPMYeCKOLO CONPOTHBIeEHMA MH admenkta Xomsa 
CMJIbHO adib(a-AKTMBHBIX MeTAJWJIOB HM CMTaBOB B mpejeswax 


tremmepatyp 1,4—300° H. 
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Pesrome 


O CBOUNCTBAX KPMBOM MAPOBOrTO JTABJIEHMA 
E. H. BROWN 


UccneqospaHbt cTporuMu meTogzamM oOmjMe MaTeMaTM4uecKne 
CBOHCTBA faBIeHMA Tapa Kak @yHKUMA TemmepaTypbpl. 
B uacTHocTHu, moKasaHO, 4TO OrpaHMueHHaA PopmMa KpMBoK 
WaBeHMA Mapa onpeyesAeTCH MCYe3sHOBeHMeM mpejesoB 
MpOU3BAOHMX BCeX TOPAAKOB B 30He aOCOMMTHOIO HY IA. 
Bku04eHEI HEKOTOPEIe KOMMECHTapHM O HelIpiMMeHMMOCTH 
Tpetbaro SaKona TepmMoquHaMMKu K KpMBOl cyOmMMauHn. 


OB YEJIbBHON TEMJIOTE +KUQKOTO FEMA RB 
TEOPMM BPEHUPA 


W. E. PARRY D. TER HAAR 


ByluucnAeTCA VesbHaA TemsoTa CHCTeMbI He B3anMo-jeilt- 
CTBYIOWMX O030HOB, JONVCKaA CheKTp 9Heprunu Tuna Bpenura. 
Takoit CneKTp COCTONT 43 WMHEMHOrO (POHOHHOM BETBU KOTOPOe 
OOpbIBaeTCA IPM M3BeECTHOM BOHOBOM 4NCIe ko M KBAaLpaTHOrO 
BeTBH KBa3H-4acTHI, HAYMHAOWETOCA pM ko UM XapaKTepU3y- 
toulerocaA adekTuBHOH maccol m. WyeabuaA TenmmoTa cy 
TOKA3bIBaeT OOPHIB IIpM mepexoAHOoli Temuepatype T>,. WMec- 
CieqVOTCA 3aBucuMOCcTbh To, BLICOTa KpMBOM cy MU BeTMUMHA 
nowbemMa B cy upu T=T. Ha ko Mm. 


KPAMOTEHMYECKOE NPUCHOCOBLIEHNME JIA 
OBJIYYEHUA B SKU KOM A380TE 


L. BOCHIROL J. DOULAT L. WEIL 


Tlocne KpatKoro 0020pa CYLJeCTBYIOMMX THMOB TeTedb AMT 
Koro a30Ta CieqveT OnMCaHMe NeTAM, ONepupywlulei cormacHo 
HOBOMY TIPWHUMGIY, Q1IA OONVYeHMA B MOCTOAHHOM BaHHe 
AUAKOFO az0Ta. OTOT CNelMaIbHO YACTHM asoT HAXODAMMIi- 
CH B MacICHbKOM COCyAe, BO M30eeaHMe B3PbIBA, PCKOHAeH- 
CMpyeTcAH B OOBIKHOBEHHOM KMAKOM a30T€ Ha M3BeCTHOM 
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paccToAHMM OT WeHTpa, NpuOmMsnTeNbHO TO Tpex @yTOB, 
B 30HE Te UsTyYeHMe caboe M OOpaTHO TeyeT B BAaHHY MOA 
qeiicrBuem cusbl TaKecTH. HoHncTpyKiMA almapata ape3Bbl- 
ygaiino mpocra mu HafleKHa B padoTe, OnarofqapA OTCYTCTBUM 
MexaHMyecKoro WupKyiMpywuero o6opysoBanua. Ilorpe- 
OneHMe a3z0Ta JOBONbHO HeOombuIOe. ANMapaT MOsBOAeT 
BLIHMMaHMe OOpasyoB B XOJIOHOM COCTOAHMM. Omnepmpo- 
BaHMe MpOMsBOTMOCh YAOBIETBOPUTEIbHO B TeYeHMe HECKOJIb- 
KUX OeslpepbIBHEIX NepMOOB OFHOK Hee. 


BJIMAHME TOBPE]IEHWA U3JIYYEHUM HA 
TEINJIOMNPOBOJHOCTb CBEPXITPOBOJJLHMHOB. 


K. D. CHAUDHURI K. MENDELSSOHN 
M. W. THOMPSON 


Bpi0 uccueqOBaHO BIMAHMe OOTyYeHUA HeMTpOHAaMM pu 30° 
IjenbcuA Ha TeMIONPOBOMHOCTh HMOOMA M BaHawMA MOHO- 
KpUcTadOB pM HM3KMxX TemMMepaTypax. bpm cyewaHbl 
U3MepeHMA KAK B CBePXIIPOBOAMMOM TaK M HOPMaJIbHOM 
YCNOBUAX Te MPOBOMMMOCTH, TIAaBHbIM OOPas0M, ABIJIAeTCA 
CeXCTBueM MpMCyCTBMA (OHOHOB MM 9TeCKTPOHOB, mocue- 
WoBpatembHO. HaOmioqaemoe BIMAHUe Ha POHOHHYIO MpOBo- 
JMMOCTb NOKABbIBAeT YBEIMYeHNE NIIOTHOCTH THCTOKauMi B TO 
BpeMA KaK M3M€HeHMA B JJIEKTPOHHOM MpOBOAMMOCTH OO6HA- 
py u0 MpucycTBue BakaHcnit. 


KPUMOCTATHI JIA OMTMUECKUX 
NCCIEOBAHHIN 


P.. PESTEIL R. PHILIP 


OuncyiBawTcA TPM TUNA KPHOCTATOB AAA ONTHMYeCKONX 
HccaleOBaHUH: AIA BUAMMOTO, VAbTpadMonderoworo mu uHdpa 
KpacHoro cBeTa. OHM mpocToi KkOHCTpyKIMM, Masoro 
NOTpeOAeHHA *HMTKOTO OXTAaAUTeIA M MamOro OObeMa. 

OTM MHCTPYMEHTHI MOTYT ObITh VOOTpeOaAeMBI AIA Wecaey0- 
BaHMA CHEKTPOB NOPIOMeHHA HAM 1A OXTaxKeHMA POTOYMHO- 
AUTeTe;t. 
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A Joule—Thomson Helium Liquefier 


and Some Problems in its Design 


D. H. Parkinson Royal Radar Establishment, Malvern, Worcs 


Received 10 February 1960 


THE liquefier described here has a number of novel 
features and has been used to study various problems 
connected with liquefier design besides supplying labo- 
ratory requirements for liquid helium. In its normal con- 
dition it has a production rate of about 8-0 1./hr and con- 
sumes 1-3 1. of hydrogen per litre of helium produced. The 
liquefaction coefficient is entirely dependent on the hy1ro- 
gen bath conditions which are discussed later. 

The liquefier is split into three sections. Collins-type 
exchangers are used in the first section which is cooled 
with liquid nitrogen. In the second there are space-wound 
multi-tube cross-current exchangers over a single pre- 
cooling bath into which liquid hydrogen is siphoned 
directly and pumped to 14°K. Liquid helium is produced 
and collected in the third section. In the original design 
using all-metal Dewars everywhere, the second and third 
stages were combined, but it was found that the level of 
hydrogen boiling rapidly in a closed metal vessel could not 
be estimated reliably. The system was split, therefore, into 
the three units and a glass Dewar with a sighting slit used 
for the liquid hydrogen. In this respect the liquefier re- 
sembles that at the Clarendon Laboratory, Oxford ;! how- 
ever, the heat exchange system is very different. 


N2 gas exhaust = 

Liquid No in 
A> - 

Cy 

Pre-cooler N> 
Charcoal 

cleaner £ 
N> radiation 


Liquid Hy from shield 
storage vessel 


A B G 


Figure 1 (above). Joule-Thomson helium liquefier. Section A: Liquid 
nitrogen stage, 77°K; Section B: Liquid hydrogen stage pumped to 14° K; 


Section C: Helium stage, 4-2°K 


Figure 2 (right). Collins-type exchangers in unit construction 
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N> exnaust 


t 
Liquid He transfer 
siphon to storage 


In the following sections the layout and operation of the 
liquefier are described, but those parts which follow well- 
known designs are dismissed as ‘conventionai’ or not 
mentioned. Some aspects of liquefier design and operation 
are discussed, as are heat exchangers, hydrogen bath con- 
ditions, and collection and handling of helium. 


The liquefier 


Figure 1 shows a ‘circuit diagram’ of the liquefier. In 
section A, liquid nitrogen, which is blown in periodically 
using compressed air, boils at atmospheric pressure in an 
all-metal Dewar, i.d. 16 cm, length 75 cm, which com- 
pletely encloses the unit. 

Exchangers A, and A, are of the Collins? construction 
and are built from 3 in. Yorkshire copper tube with copper 
fins, o.d. 0-9 cm, thickness 0-2 mm, and spacing 10 per 
centimetre. A, nests inside A, ana its outer and inner 


< Exhaust 
He N2 


Exhaust 
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envelopes are closed by domes as in Figure 2. Such a con- 
struction lends itself to the production of these exchangers 
as self-contained units. The split in the high pressure gas 
between A, and A, is governed by a pre-set valve V at the 
head of séction A. The pre-cooler consists of two 4 m 
lengths of } in. Yorkshire copper tubing in parallel which 
lead to a charcoal cleaner of approximately 2:51. capacity. 

Section B (Figure 1) is of greater interest. Liquid hydro- 
gen is siphoned from a 50 1. storage vessel into a glass 
Dewar, i.d. 13-5 cm, length 85 cm, which completely 
encloses the whole exchanger system and projects above 
it by about 10 cm, the whole being enclosed in a metal case 
in aconventional way. Sighting slits are provided for visual 
observation of the hydrogen level, normal filling 3 1., but 
illumination from a built-in electric lamp behind the 
Dewar is necessary. The inlet valve for liquid hydrogen is 
orthodox except that it has a finely cut needle (s.v. angle 
20 degrees) with a fine control screw thread, so that the 
hydrogen filling rate can be adjusted to balance the rate of 
hydrogen evaporation. Filling need not then disturb the 
pressure over the liquid bath. A liquid—gas separator is 
arranged so that incoming liquid hydrogen swirls round 
the inside wall of the Dewar above the liquid and washes 
the sighting slit clean. 

Heat exchangers B, and B, are of similar construction, 
space-wound cross-flow, and consist respectively of 14 and 
4 cupro-nickel 80/20 tubes, 1-3 mm o.d. and 1-0i.d.; in B, 
they are approximately 16-8 m long and in B, approxi- 
mately 20-8 m. The distribution of high pressure gas be- 
tween these two exchangers is governed entirely by the 
number and lengths of tube in each and is about 3:1. 

In both B, and B, the tube windings are arranged in 
sections 5 cm long and there are eight sections in each. In 
A, there are five layers and beginning from the inside there 
are 2, 2, 3, 3, and 4 tubes in successive layers. At the end of 
each 5 cm section the four tubes from the outer layer 
change places with the four from the two inner layers and 
the three tubes in each of the remaining two layers also 
change places; in this way the high pressure gas is distri- 
buted fairly evenly over the annular space of the exchanger. 
Spacers 1 mm thick are placed between each layer and also 
prevent the outer and inner layers from touching the 
envelopes of the exchanger. The separation between turns 
is about 0-4 mm in all layers. With exchanger B, there are 
four layers each containing one tube. The outer and inner 
tubes change places at the end of each 5 cm section as do 
the remaining two tubes, 1 mm spacers are again used, and 
the separation between turns is about 23 mm. B, fits inside 
B, so that the inner sheath of B, forms the outer sheath of 
B,. The annular section of B, is 2:5 cmi.d. x 5:0 cm. o.d., 
while that of B, is 5-1 cm i.d. x 7:5 cm o.d. A sheath of 
Tufnol tube around the sections of B, is used to take up 
about 0-2 cm of dead space outside the windings. 

The pre-cooling and anti-splash coils are also space- 
wound and made ina similar way. The anti-splash coil, the 
function of which is discussed later, has fourteen tubes in 
parallel, 4 m long, wound with a separation of 1-3 mm. In 
the pre-cooling coil there are ten tubes, each 2 m long. 
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In section C, the helium vessel, which can hold 8 1. of 
liquid, is protected by a liquid-nitrogen-cooled continu- 
ously pumped vacuum jacket. The whole of this section is 
enveloped by a large stainless-steel Dewar, of which the 
outer skin is strengthened and which clips directly on to the 
head of C. The bottom of the outer skin is re-entrant so that 
the whole Dewar stands freely on its own when removed 
from C. This construction is standard in this laboratory. 
The final heat exchanger lies in the vacuum space of C and 
consists of seven }in. Yorkshire copper tubes soft-soldered 
side-by-side down their length (Figure 3). High pressure 
gas passes down the middle tube and low pressure gas 
passes up the six outer tubes. 


Figure 3. Bundle type of exchanger 


The Joule-Thomson valve is conventional, the stem and 
needle do not rotate and are on the low pressure side of the 
valve seating. Special attention has been paid to achieving 
a fine control, 0:2 mm movement per turn of the Joule— 
Thomson valve control knob, and by using a system of 
spring-loaded threads backlash has been removed. These 
features are necessary to obtain smooth running with the 
minimum of adjustment. After each adjustment of the J-T 
valve some 2-3 min elapse before the equilibrium low 
pressure is established. Consequently, to assist in making 
adjustments, the position of the J-T control can be read on 
a scale enabling it to be pre-set or moved by a definite 
amount. A liquid—gas separator is fitted to the J-T valve 
exit (see later). The normal working pressure in the helium 
vessel is about 0:25 atm. 

The remaining features of the liquefier are quite ‘ ortho- 
dox’: a by-pass valve for running-up; complete gauging on 
high and low pressure sides; gas thermometer attached to 
the helium vessel ; safety valves ; etc: The inter-stage helium 
connections are made by removable high and low pressure 
siphons each individually pumped and sealed. High pres- 
sure gas is supplied by two Bristol Pneumatic B.M.3 com- 
pressors which were specially prepared to be gas-tight for 
this purpose. A pressure controller is fitted at the liquefier 
limiting the maximum supply pressure to 480 Ib/in?, the 
normal supply being 380 Ib/in?. 

As far as the operation of the liquefier is concerned the 
running-up drill is quite conventional, including pre-cool- 
ing with liquid nitrogen in all stages before liquid hydrogen 
is introduced into B. It takes 50 min from commencing the 
running-up drill to the point at which helium is being col- 
lected. During this time 5-3 1. of hydrogen are required of 
which 2 1. remain in the bath B. In ‘steady-state’ running 
the liquefier operator is occupied principally in controlling 
the conditions in the hydrogen bath. It is intended ata later 
stage to install automatic pressure regulation on this bath. 
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Heat exchangers 

Heat exchangers for liquefiers must have high efficiencies 
and at the same time low resistance to gas flow. These two 
requirements are difficult to reconcile with each other with- 
in the limits of the geometry and small mass desirable in a 
liquefier. It is a great advantage to have an overall low re- 

sistance to flow, particularly for the exhaust gases, for then 
the pressure over the helium is low, pressure fluctuations 
are small, and boiling-off with accompanying splashing on 
transfer is much reduced. The chief sources of resistance to 
flow for the exhaust gases lie in sections A and B of the 
liquefier. The final exchanger C, (Figure 1) working be- 
tween 14°K and 4-2°K does not present much of a prob- 
lem, for the gas is very dense at these temperatures and 
has alow viscosity. Hence the resistance to its flow is small. 

With the construction used here (Figure 3) for C,, the 
chief snag is to ensure good thermal conduction from 
points such as P on the low pressure tubes to the high pres- 
sure gas at Q. This can be achieved with copper tubes 
whereas cupro-nickel with its poor conduction is some- 
what unsuitable for this construction. Conduction down 
the length (4-5 m) of a copper exchanger such as this is not 
obnoxious, calculation and measurement agree in giving 
an efficiency of approximately 95 per cent for C,. The chief 
practical difficulties in construction are to ensure that the 
spaces between the tubes are filled with solder and that the 
tubes are pulled tightly together to reduce the solder to a 
minimum. 

Exchangers B, and B, are concerned only with hydrogen 
conservation but, as such, are vital to the economics of the 
liquefier. The choice of a single pumped bath of liquid 
hydrogen makes for a simple layout and comparatively 
easy operation, but on the other hand it imposes such a 
severe restriction on the tolerable resistance to hydrogen 
gas flow in B, that the simple Linde tubular exchangers are 
unsuitable; with B, similar arguments apply but with less 
force. 

A number of different exchanger constructions are suit- 
able for B, and Bg, of these the Collins? or exchangers based 
on Still? tubes have the greatest appeal. With them the re- 
sistance to exhaust gas flow is small and the ‘wetted 
perimeter’ S, on the low pressure side can be six to ten 
times greater than that, S;, on the high pressure side. In 
consequence, in the expression for the thermal resistance 
between high and low pressure gas streams, i.e. (1/H;S)+ 
resistance of walls+(1/H,S,), the term 1/H,S, can be 
made approximately equal to 1/H;S;. H, and H; are the 
thermal exchange coefficients on the low and high pres- 
sure sides. Space-wound exchangers occupying the same 
space are less efficient but considerably easier to build than 
the Collins type. For this particular liquefier the choice was 
governed primarily by the availability of tubing. It would 
have been some advantage to have used dimensions of, 
say, 2mm x 1 mm for B, and B, for then S, = 2S;. The per- 
formance of B, and B, can be calculated using the data of 
Norris and Spofford* to deduce H,. Both are approxi- 
mately 92 per cent efficient. No attempt to conserve ‘cold’ 
in the exhaust from B, has been made. This is warmed to 
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room temperature by a water-heated internally finned 
section of pumping line. 

The Collins exchangers of section A have an efficiency 
of approximately 92 per cent and are concerned only with 
conservation of liquid nitrogen in section A. 


Liquid hydrogen pre-cooling bath conditions 


There are a number of interesting points concerned with 
the hydrogen bath which do not seem to have been re- 
corded previously. First, with the vigorous boiling in the 
hydrogen bath, to bring the liquid to approximately 14° K 
the pressure near the entrance to B, was less than 5-5 cm 
(triple point pressure of hydrogen). In consequence an 
objectionable crust of solid hydrogen formed around the 
entrance of this exchanger and also around the walls of the 
Dewar above the liquid. Visual observation showed that 
this crust was caused by a fine spray or ‘Scotch mist’ of 
hydrogen liquid droplets above the liquid. This spray was 
also being drawn into B, where it “short circuited’ the 
lower part of the exchanger leading to high total evapora- 
tion rates. These conditions are alleviated by the ‘anti- 
splash’ coil which is arranged to cover completely the 
entrance to B,. There is a baffle across the free end of the 
coil so that the gas—droplet mixture is drawn into the coil 
radially from the outside and leaves it longitudinally going 
into B,. As shown in Figure 1, all the high pressure helium 
gas from B, and B, goes through this coil and then passes 
to the pre-cooling coil. The temperature of the high pres- 
sure helium in the ‘anti-splash’ coil is then some 8-10°K 
above that of the hydrogen ‘Scotch mist’ according to the 
performance of B, and B, and the liquefaction coefficient. 
Even if B, and B, were 100 per cent efficient there will 
always be a considerable temperature difference provided 
helium is being liquefied at a reasonable rate. As arranged 
(Figure 1), an anti-splash coil is very effective indeed and 
with the coil described earlier the full efficiency of B, can 
be realized. However, the anti-splash coil occupies the 
region of lowest temperature in the hydrogen bath, as can 
be demonstrated by the solid hydrogen crust formation 
and by direct measurement with a gas thermometer. The 
anti-splash coil could then be equally well connected into 
the helium circuit after the pre-cooling coil as a means of 
bringing the high pressure helium to as near 14°K as 
possible before going to the last exchanger. This arrange- 
ment has also been tried successfully but now the tempera- 
ture difference across the walls of the anti-splash coil is 
much smaller, depending on the actual temperature of the 
pre-cooling bath and how effective the pre-cooling coil is. 
Used this way in the present geometry the anti-splash coil 
evaporates only about half of the hydrogen carried as 
droplets in the gas stream. The ideal arrangement which 
should permit the maximum heat dissipation in the hydro- 
gen bath while maintaining effective cooling to 14° K seems 
to be to use anti-splash coils both before and after the pre- 
cooling coil. This has not yet been tried owing to production 
demands on this machine. 

The conditions described here are of course peculiar to 
the geometry of the hydrogen bath used. If space permitted 
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it would be advantageous to use a bath with a much larger 
hydrogen liquid surface area. With the present Dewar, ata 
normal 8-0 |./hr production rate, about 101. of hydrogen 
are evaporated per hour which corresponds, allowing for 
temperature and pressure, to evaporating approximately 
10 cm? of gas per second per square centimetre of free 
hydrogen surface. However, about half of the present 
evaporation occurs in the anti-splash coil from droplets 
carried in the gas stream. 


log 
energy transfer 


(cm ?*/sec) 


(21-22K) 
Figure 4. Energy transfer from metal surface to liquid hydrogen 


A second problem occurs with the pre-cooling coil itself; 
it has been shown that the heat transfer between a metal 
surface and hydrogen liquid follows a curve as shown in 
Figure 4.° This is similar to well known curves for other 
liquids and for-similar reasons. However, the point at 
which the maximum heat transfer occurs corresponds to a 
temperature difference between the metal surface and 
liquid of only about 1:2°K. With the exchanger layout in 
normal liquefiers the helium inevitably enters the hydrogen 
bath some 10°K above the hydrogen liquid temperature 
and with an anti-splash coil as in this liquefier at about 4° K 
above the liquid temperature. The first part of the pre- 
cooling coil must therefore work in the temperature range 
where the thermal transfer is heavily impaired by a gas film 
(R-S in Figure 4). This situation can be improved upon by 
coating the first half of the pre-cooling coils with Araldite 
thermosetting varnish, which substitutes the thermal re- 
sistance of a layer of varnish instead of gas between the 
liquid and metal wall. The equivalent thermal transfer 


1-Smm 
1cm 


Slot 


Spiral separator sheet 
Wall of vessel 


Figure 5. Liquid-gas separator for helium at s.t. value. Also for hydro- 
gen in stage B 
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curve for sucha treated surface should then be such as Y in 
Figure 4. In this way, more effective and compact coils 
should be possible. This has been tried with some success 
marred by the varnish cracking away from the metal sur- 
face, consequently no quantitative results are yet available. 

When this problem has been solved it should be possible 
to enhance the helium gas handling capacity of this 
machine considerably and hence its overall production 
rate. At present, with a normal pre-cooling coil and a circu- 
lation rate of 570 1. of free gas per minute, « is approxi- 
mately 0:18, yielding 8 1./hr. 


Collection and handling of helium 

It has been remarked already that liquid—gas separators 
are fitted to the hydrogen inlet valve in B and to the Joule— 
Thomson valve in C. In both instances these are extremely 
simple and the construction is shown in Figure 5. The ex- 
hausting gas-liquid mixture is forced against the spiral 
metal sheet from whence it runs smoothly down and round 
the vessel wall. With the helium vessel the liquid level can 
rise to within 0-5 |. of the top, at which point the separator 
is impaired by beginning to be covered and the liquefier 
must be emptied. The importance of effective separation 
of the helium liquid and of keeping it under a steady pres- 
sure with the minimum of disturbance must be well stressed. 
An otherwise efficient design can be severely impaired by 
lack of attention to these points. 

As a monitor of the performance of the liquefier, the 
heights of the associated gas-holders are automatically and 
continuously recorded during a run. This enables the oper- 
ator to make immediate estimates of the performance at a 
glance besides enabling a detailed study of production con- 
ditions to be made easily. It has also been invaluable in 
estimating the skill of the operators, particularly in trans- 
ferring helium liquid with little loss. The handling of the 
gaseous helium, bringing it into the circuit and returning 
itto the high pressure reservoirs is carried out automatically 
by acontrol system working from gas-holder heights. This 
will be described in due course. 


The author wishes to thank Mr. J. Oliver for his work in 
installing the liquefier and unflagging aid in testing and 
collecting data; he also wishes to thank those members of 
the workshop staff, particularly Mr. R. Cullen, who con- 
structed it and installed the ancillary apparatus. 

This paper is published by permission of the Controller 
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_ WHEN liquefied atmospheric gases became readily avail- 
able, the need to store them for reasonable reriods of time 
posed new problems in thermal insulation. The first satis- 
factory solution was that of Dewar! who developed the 
vacuum insulated container. In this a vessel containing the 
liquid is surrounded by a similar, more or less concentric, 
vessel, and the space between the two is evacuated. By this 
means heat inleak due to conduction and convection 
through the gas is eliminated, and the heat flow down the 
neck of the inner vessel may be reduced by heat exchange 
with emerging vapour. The major heat influx is by radiation 
and this can be appreciably reduced by giving the surfaces 
facing the vacuum space a low emissivity. If the container 
is made of glass the whole of the surface in the vacuum 
space is silvered, while for larger vessels, normally made of 
copper and holding a few gallons, the surfaces facing the 
vacuum space are highly polished. Small stainless-steel 
_ vessels made for special purposes have these surfaces cop- 
per-plated and electro-polished. Some further reduction 
can be effected by interposing one or more metal screens of 
low emissivity between the surfaces bounding the vacuum 
space. For example, Croft and Jones? described a vacuum 
insulated tank for liquid oxygen incorporating four such 
screens. It is, however, mechanically difficult to support 
the screens unless the vessel is of some simple geometrical 
shape such as a right circular cylinder. 

These techniques still suffice for small vessels, but with 
the growth of cryogenic engineering, new methods are 
constantly being sought, particularly for fairly large con- 
tainers. The chief disadvantage of high vacuum insulation, 
requiring pressures below 0-001 mm Hg, for large vessels 
is associated with the difficulty of maintaining such a high 
vacuum. The heat transfer across the ‘vacuum’ space in- 
creases rapidly if, because of leaks, the increasing gas pres- 
sure reaches the point where the mean free path is reduced 
to a figure less than the distance between the bounding sur- 
faces. The upper pressure limit for a vessel with vacuum 
space 10cm thick is thus about 0-5 microns (0:0005 mm Hg). 

As Dewar pointed out, if the annular space between the 
two vessels is filled with a powder before evacuation, a 
much higher gas pressure can be tolerated. The maximum 
allowable pressure will be between 20 and 100 microns Hg 
depending upon the powder, although one would expect 
that for an interparticle distance of 10 microns, it might be 
as great as 500 microns Hg. The limit is, however, set by 
the fact that gas conduction is a linear function of pressure 
in conditions where the mean free path is greater than the 
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confining space. Above about 50 microns Hg, this contri- 
butes an increasing proportion to the overall heat transfer. 
Kistler,? measuring the variation with pressure of the 
thermal conductivity of Santocel, quotes the relation: 


M Ee 
k= 0038 [(F) Cole aya CP 
where k, is gas conductivity, M is molecular weight of the 
gas, C,is specific heat at constant volume, /, is normal mean 
free path of the gas at the given temperature and a pressure 
of | mm Hg, Lis mean free path of the gas within the pow- 
der at low pressure, and a is accommodation coefficient. 

There will be some heat conduction through the powder 
itself but the thermal resistance at the contacts between 
particles is high and is the governing factor. The effect of 
pressure on this is due to the presence of adsorbed gases, 
and an increase in pressure will decrease the thermal 
resistance. 

Radiation, although decreased considerably by the pow- 
der due to scattering and absorption, will still be the main 
mode of heat transfer. For example, silica aerogel, which is 
one of the powders commonly used, consists of very small 
fibre-like particles and therefore has low thermal con- 
ductivity, but like many of the others, it is relatively trans- 
parent to the far infra-red, which is the important region of 
the spectrum. (A source at about 300° K radiates practically 
all of its energy in wavelengths greater than 2 microns and 
the majority in wavelengths above 4 microns.) 

Kropschott and others* have shown that the thermal 
conductivity of powder insulants such as Santocel can be 
reduced by admixing powdered aluminium or copper, and 
have thus produced insulants of much lower thermal con- 
ductivity than that of the separate powders. 

Petersen® showed that a multiplicity of radiation screens 
with suitable separators substantially reduced the heat 
transfer across an evacuated space, and Riede and 
others®?° have also developed this form of insulant. 

One objective of the present work has been to separate 
the overall heat transfer through a number of insulants into 
two components, radiation and conduction, to show what 
incentive, if any, there is for an attempt to develop less 
transparent materials. Both powder insulants and multiple 
radiation screens have been studied. 


Theoretical 
The following simple theoretical background has guided 
the approach. Consider first an evacuated space bounded 
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by two infinite parallel plane walls at different temperatures 
T, and T, (T, > Tz) with emissivities ¢, and e,. Some of the 
energy emitted from one surface will be absorbed by the 
other and the remainder reflected back to the source. Some 
of this will be re-radiated and so, by multiple reflection and 
absorption, the energy will be attenuated until all is ab- 
sorbed. It can be shown!" that the energy transferred per 
unit area from the warm surface to the cooler one is given 


by 
Oe en eee 
A (Le) +[(/e.)— 1] 


Here Q is the total energy exchanged between equal 
areas, A, of the surfaces, and o is Stefan’s constant. 

The radiation between two concentric spheres of radii r, 
and r, can be calculated in the same way. The radiation 
emitted by the inner sphere all falls on the outer, but only 
part of that which is reflected falls again on the inner one. 
If the analysis is continued as before, the energy exchanged 
is found to be 


Q 


Urey | aes 


oA, 
~ (Lex) + (42/41) [A /ee)— 1] 


where A,, A, are the surface areas, so that A,/A,=173/r2. 

Similar arguments can be used for the heat transfer 
between infinite concentric cylinders, in which case, in 
equation (2), A,/A,=1r,/ro. 

When the evacuated space contains powder or a number 
of radiation screens with spacers there are two modes of heat 
transfer, conduction and radiation. A convenient method 
of analysing the heat flow is to consider a system of parallel 
reflecting screens separated by a perfectly transparent 
medium of thermal conductivity k. To simplify the analysis 
it will be assumed that each screen is extremely thin and a 
perfect conductor so that both surfaces are at the same 
temperature. It is further assumed that all the surfaces have 
the same emissivity « and that both this emissivity and the 
thermal conductivity k of the medium are independent of 
temperature. 

Consider a space, bounded by infinite plane parallel 
surfaces unit distance apart, in which there are (V—1) 
equidistant plane parallel screens, the resulting N spaces 
being filled with the transparent conducting medium. The 
heat transferred from screen r to screen (r+ 1) is conveyed 
partly by conduction and partly by radiation. If L is the 
distance between adjacent screens we can write 


cs kA oA hades 
Q =< iG FT ayy Oa 2228) 
Since there are N spaces between the bounding surfaces, 
L=1/N and equation (3) may be written 


aA 


(Ti-T) ..-Q) 
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Co 
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When the system is in equilibrium the heat carried from 
one screen to the next is constant from one bounding sur- 
face to the other and thus, summing over the whole system 
of N spaces and (N+ 1) surfaces, we obtain 


NO = NkA(T,-T) + RA(T$-TY) 
o g = K(T,—-T,) + HTT) ctie¢s) 


If we divide Q/A by (T, — T2) we obtain an effective thermal 
conductivity K,, which is a function of the wall tempera- 
tures T, and 7;, the emissivity ¢, and the number of screens 
(N—1), and is given by 


Q R 2 2 
Ky. = AT,—T) ~ k+—(T1+Ts) (Ti+ T3) .. .(6) 

Similar equations can be developed for the heat transfer 
across spaces bounded by concentric spherical or cylin- 
drical surfaces. 

Inspection of equation (6) shows that a measurement of 
Q, and hence of Kj», with different wall temperatures 
enables us to determine the contribution to heat transfer 
due to conduction and that due to radiation over the tem- 
perature range T,— 7 . Equation (6) can also be applied 
formally to a vacuum insulated metal Dewar. In this case, 
the first term on the right-hand side is proportional to the 
heat conducted down the neck, and N= 1. 


Experimental—A pparatus 


The present work formed part of a study of potential 
insulants for containers designed to hold liquid oxygen or 
nitrogen and, consequently, the main interest lay in deter- 
mining a value for the effective thermal conductivity Kj. 
averaged over the temperature range from about 77° K to 
ambient. It was therefore unnecessary to attempt to 
measure the thermal conductivity at any particular tem- 
perature and the heat transfer was measured by observing 
the rate of evaporation of liquid nitrogen in a container 
surrounded by the insulant under test. 

Two separate containers for the liquid were used, shown 
in Figures | and 2. The first was a modified commercial 51. 
copper Dewar of spherical shape. An aperture for insertion 
of powder was cut at the bottom of the outer vessel to 
which a flange was soldered. The hole was closed when 
necessary by means of a cover plate screwed to the flange 
and sealed with an indium gasket. To the upper part of the 
outer vessel a copper tube was soldered through which the 
insulating space could be evacuated. The surfaces facing 
the vacuum were initially highly polished as would have 
been the case with an unmodified vessel. It was difficult, 
however, to maintain this degree of polish on successive 
exposure to the atmosphere and, as changes in the emis- 
sivity of these surfaces might have affected the results, 
most of the experiments on powders were carried out ina 
glass container. This was not silvered and therefore the sur- 
faces had a constant high emissivity. 

The second vessel was cylindrical in shape (Figure 2). 
The inner vessel had a volume of 990 cm? and the volume 
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Figure 1. 5 1. copper Dewar 


of the insulant space was 2:21., the thickness of the insulant 
being 1-75 cm. Above the main vessel a conical shell was 
fitted which was partly filled with the insulant. This shell 
formed the lower wall of an upper vessel which was filled 
with liquid nitrogen and thus acted as a guard chamber 
ensuring that all the heat inleak to the main vessel was 
through the cylindrical walls and the hemispherical base. 
Two aluminium radiation shields were also added to the 
guard vessel to prevent radiation passing vertically down- 
wards through the liquid in the upper vessel. 

In order to apply equation (6) to the results, the rate of 
evaporation of liquid nitrogen from the inner vessel was 
measured while the vessels were immersed in constant 
temperature baths at a number of temperatures, usually 
—78-4°C (the sublimation point of solid carbon dioxide), 
0°C, 30°C (representing a close approach to normal 
ambient temperatures), and 90-100°C. The volume of the 
evaporated gas was measured by means of a water-sealed 
positive displacement gas meter. The gas was therefore 
passed through a tower containing wet porous ceramic 
chips to saturate it and bring it to ambient temperature 
before it entered the gas meter. The arrangement used is 
illustrated in Figure 3. 
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Figure 3. Experimental arrangement 


Insulants 


The first exploratory experiments were carried out on the 
copper Dewar vessel (Figure 1), followed by a study of a 
silica aerogel, Santocel A, in the vacuum space of the glass 
vessel. A number of other commercially available powders, 
of which a synthetic calcium silicate, Microcel E, was 
typical, were then examined. This was followed by studies 
of mixtures of these more or less transparent powders with 
a very fine powder of high reflectivity, metallic aluminium, 
in varying proportions, and also of an insulant composed 
of sheets of aluminium foil separated by fabric nets. 

The silica aerogel, Santocel A, is composed of aggregates 
of fibre-like particles. After sieving, these aggregates are 
smaller than 120 microns but the ultimate particle size is 
approximately 0-05 microns. The synthetic calcium silicate 
is a powder of average particle size 0-05 microns. The alu- 
minium powder was a superfine lining powder used mainly 
as a pigment, most of the particles being smaller than 
20 microns. 


Procedure 


The powder mixtures were prepared by pre-mixing 
weighed quantities of the constituents and forcing these 
through a 40 mesh sieve. The powders were then mixed and 
sieved twice again to ensure intimate mixing. To ensure 
complete homogeneity of the powder it was sealed into a 
cylindrical jar containing two loose strips of wood, and 
then rotated with its axis horizontal for about 8 hr. 

The powder was transferred into the vacuum space 
through a wide funnel inserted in the filling port. When the 
space was filled it was roughly evacuated and then carefully 
opened up to atmospheric pressure in order to compress 
the powder, but avoiding excessive compression. The re- 
sulting empty space was topped-up and the cycle of evacu- 
ation and topping-up repeated three or four times until 
very little contraction occurred when the vacuum was 
broken. This procedure ensured that in the final evacuation 
the powder did not contract. The vessel was then placed in 
the constant temperature bath and connected to a pumping 
system comprising the usual rotary and diffusion pumps, 
a cold trap, and pressure gauges. Evacuation was carried 
out slowly to avoid carrying powder into the vacuum 
system. Finally the vessel was wrapped with a heating tape 
and the temperature raised in stages to 100°C to de-gas the 
powder. 

When the pressure in the insulating space had been re- 
duced to less than 1 micron the vessel was allowed to cool. 
Then the inner vessel was filled with liquid nitrogen, and 
the bath brought to the required temperature. The vessel 
was kept topped-up with liquid nitrogen, at least over- 
night, to ensure equilibrium, then the evaporation of liquid 
nitrogen was measured at 30 min intervals over a period of 
approximately 8 hr. The resulting evaporation rates were 
then plotted and extrapolated to zero time to obtain the 
evaporation rate when the vessel was full. A preliminary 
experiment in which the evaporation rate was measured 


on successive days showed that equilibrium was attained 
within the first sixteen hours. 
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Results Sr 
The observed values of the effective conductivity Kae fOe 
the insulants studied are given in Table 1 and Figure 4. For 


Table 1. Heat Transfer Through the Insulants 


Q 
Effective conductivity Ky. ATT) 
(cal/sec deg.C cm) (cal/sec 
deg.C cm’) 
Warm wall 
temperature _ —-—— = ——— to. 
40/60 
: (w/w) Microcel Foil-net Copper 
Santocel | stuminium E insulant Dewar 
Santocel 
— 78-4 1:39 0-498 1-142 —— 0-82 
~701 * = ss 0-261 aX 
=182 ¥ 196 at = = = 
0 | 2-66 0-674 1-605 0-366 1-16 
22:4 pre ae 0-440 ue 
30 3-89 0-838 1-965 oo 1-49 
53:8 — oo oo 0-498 -— 
59:8 5-42 — 2°447 — Bick 
gs hears — if Bs = 
90 _ 1-138 — — — 
98 | — — —- 2:36 


the copper Dewar the figures given are the values of 
Q/[A,(T, — T>)] where A, is the surface area of the inner ves- 
sel. From Figure 4, the conductivity k can be obtained as 
the intercept and hence the proportion of heat transferred 
by radiation can be calculated for any wall temperature. 
The results for a warm wall temperature of 30°C are given 
in Table 2. 


Table 2. Conduction and Radiation Through the Insulants 


cdlfectiviny | Conduction ee 
Insulant 
12 Li 
geiliec, | degeciem | gkcallsee | (ver gon 
Santocel A 3°90 < 1059 OS x 10-9 3275: x105° 96 
40/60 (w/w) 0-80 0:32 0:48 60 
Aluminium 
Santocel 
Microcel E 1-98 0-84 1:14 58 
Foil-net 0:44 0:16 0:28 64 
Copper 1-48 0:40 1:08 73 
Dewar 
Wall temperatures: 7, = +30°C, T, = — 196°C. 
Discussion 


Figure 4 and Table 2 show that 96 per cent of the heat 
transferred through Santocel is by radiation, giving con- 
siderable hope of reducing the overall conductivity K,, by 
the addition of a reflecting powder such as aluminium. 
This has been realized in the mixture containing 40 per cent 
(w/w) aluminium and 60 per cent Santocel for which only 
60 per cent of the much smaller overall heat transfer is by 
radiation. Conductivity through the solid, k, has been 
increased by about 100 per cent over that of Santocel, but 
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solid which must have been due to the metallic neck 
supporting the inner vessel. Even so radiation contri- 
butes 73 per cent of the total heat flux. 

According to equation (6) for any insulant having 
emissivity «and conductivity k independent of tempera- 
ture, the effective thermal conductivity Kj, should be a 
linear function of (7,+T7,)(T ?+T 2). Figure 4 shows 
that this is a close approximation for many of the in- 
sulants studied. For some, such as Santocel A and 
Microcel E, appreciable departures from linearity are 
observed, and for these it is probable that the emis- 
sivity varies with wavelength, i.e. with the temperature 
of the warm surface. The value of K,, for Santocel A 
determined with wall temperatures of —196°C and 
— 78°C, corresponding to 


(T,+T>)(T2+T3) ~ 1x 10" 


departs from a smooth curve through the other points 


2 2 
(T,+ TT 2 +72) — 


Figure 4. Effect of wall temperature on effective thermal conductivity. Wall 


temperatures: T, = 303°K; T, = 77°K 


the figure is still quite small and radiation has been de- 
creased almost by a factor of 8 so that the effective con- 
ductivity K,, has been diminished by a factor of 5. The 
effect on K,, for a warm wall temperature of 30°C of 
varying the proportion of aluminium in the mixture 
is shown in Figure 5. At low concentrations the con- 
ductivity K,,is high because the aluminium is present 
in insufficient quantity to eliminate radiation, while 
at high concentrations the high thermal conductivity 
of the metal increases the conduction through the 
solid; the 40/60 mixture already mentioned is near 
the optimum concentration. These results are similar 
to those that have been obtained by other workers!” 
using slightly different grades of Santocel and alu- 
minium. ; 

The calcium silicate Microcel E has a lower overall 
conductivity than Santocel but from Figure 4 it is 
apparent that it has high conductivity & but passes 
little radiation, so that no great improvement canbe o 
expected from the addition of aluminium; this was 
confirmed by a subsidiary experiment. Ml 

The insulant composed of layers of aluminium «x 
foiland fabric net has the lowest overall conductivity 
K,, of any of the materials quoted here. Conduction 
through the solid is the same as for Santocel but the 
contribution due to radiation is very small, although 
equivalent to 64 per cent of the total heat transfer. 
The emissivity of the aluminium used as determined 
from these figures 1s 0-062. 

The figures obtained with the copper Dewar indi- 
cate an unexpectedly high conduction through the 
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by an amount several times the experimental error, 
suggesting a transmission band at the corresponding 
wavelength (maximum energy at 8 microns). This is 
also suggested by the results of other workers!® who 
find that the effective conductivity K,, increases with 
increasing thickness of the insulating space. However, 
as indicated in Figure 4, conduction through the 
solid, k, must be less for Santocel A than for the 40/60 
aluminium-—Santocel mixture. 

However, the application of equation (6) to measure- 
ments of the effective conductivity K,, obtained by the 
method described here makes it possible to distinguish the 
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Figure 5. Effective thermal conductivity Ky. of mixtures of aluminium powders 


and Santocel A. Wall temperatures: T, = 303°K; T, = 77°K 


2 


heat transferred through the insulant by radiation from 
that transferred by conduction. Table 2 shows that, for 
some insulating powders such as Santocel A, the effective 
conductivity can be appreciably reduced by admixing a 
powder with low emissivity, but that for others such as 
Microcel E, there is little scope for such reduction on ac- 
count of the high solid conduction k. The method could be 
applied to other insulants and over other temperature 
ranges. 

The insulants that have been developed as the result of 
this work, and similar ones developed elsewhere (see ref- 
erences 4-10, 12, 13) have much lower effective thermal 
conductivities than any previously available. With wall 
temperatures of 303° K and 77° K respectively, alayer 1 in. 
thick is a better insulant than an evacuated space between 
highly polished surfaces. The effective thermal conduc- 
tivities are only one-fifth that of Santocel A and two orders 
of magnitude less than those of conventional insulants such 
as slag wool, expanded perlite, or basic magnesium carbo- 
nate in air at 1 atm. New developments in the design of 
tanks for liquid oxygen or nitrogen therefore become pos- 
sible, resulting, for example, in an appreciable reduction in 
the rate of loss by evaporation from a container of given 
capacity with a given thickness of insulation. Alternatively, 
designs can be modified so that a given volume of liquid 
can be stored in a vessel of smaller overall size, or a given 
space can contain a greater volume of liquid. Further, it 
becomes practicable to construct smaller tanks with 
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reasonable evaporation rates and these may be competitive 
with cylinders as a means of distributing gaseous oxygen 
or nitrogen. Perhaps, however, the outstanding develop- 
ments will be in the construction of containers for liquid 
hydrogen and helium since it should be possible to dispense 
with liquid nitrogen shielding, and build a simpler and 
lighter container more convenient to handle than previous 
designs. 

This article is published by permission of the Directors 
of British Oxygen Research and Development Ltd. 
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Metallography at Liquid Helium 


Temperatures 


D ° HH ull Atomic Energy Research Establishment, Harwell 


HA. M. Rosenberg Clarendon Laboratory, Oxford 


THE occurrence of martensitic transformations in sodium 
and lithium is now well established. It is only recently, how- 
ever, that any correlation has been found between the 
transformation and the physical properties of these metals. 
Barrett,7? using mainly low temperature X-ray tech- 
niques, has shown that when lithium is cooled it starts to 
transform at 72° K from the body-centred cubic phase toa 
hexagonal phase with faulty stacking, and that sodium has 
a similar transformation starting at 36° K. Specific heat and 
electrical resistivity experiments, reviewed by Dugdale,* 
show changes in these properties which agree closely with 
the X-ray data obtained by Barrett. Some difficulties have 
arisen regarding the amount of the transformed phase at a 
particular temperature. For example, in sodium the X-ray 
measurements indicated that only 7 per cent of the body- 
centred cubic high temperature phase had transformed to 
close packed hexagonal martensite at 4-2°K, whereas the 
specific heat results of Martin® suggest that about 50 per 
cent transformation has occurred. Electrical resistivity 
measurements® are very sensitive to the transformation 
and can be used to determine the effects of temperature 
cycling, plastic deformation, etc., on the transformation; 
they suggest that about 25 per cent transformation takes 
place. 

The most direct way to detect the martensitic transfor- 
mation and determine the amount of transformed phase is 
to take advantage of the shear characteristics of the trans- 
formation. The change of crystal structure results from a 
shear mechanism and produces a change of shape which is 
revealed on a flat surface by the tilting of the transformed 
regions. The tilts are microscopically homogeneous and 
when polished specimens are examined the tilts are readily 
detected. However, martensitic transformations, with one 
or two exceptions, are not thermally activated and they 
take place over a range of temperatures. They are also re- 
versible in non-ferrous metals and alloys, so that to observe 
the transformation the metal has to be examined at the 
temperature at which the new phase is stable. High and low 
temperature microscope stages have been devised to follow 
the transformations. The main difficulties in observing low 
temperature transformations are avoiding condensation 
on the specimens and bringing the microscope objective 
sufficiently close to the specimen. For transformations be- 
tween 293 and 90° K, as in 60:40 copper-zinc alloys, Hull 
and Garwood,” ® using a modification ofa low temperature 
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stage designed by Greninger and Mooradian,® overcame 
these difficulties by surrounding the specimen and objec- 
tive with a flexible rubber sleeve and maintaining an ex- 
tremely dry atmosphere in the enclosed space. The speci- 
men was cooled by clamping it to the end of a copper rod 
immersed in either solid carbon dioxide and acetone 
mixture or liquid oxygen. For observing transformations 
in sodium and lithium, much greater attention is required 
in cooling the specimen and in avoiding condensation, and 
in addition it is difficult to prepare smooth oxide-free sur- 
faces on these metals. 

In this paper we shall describe the low temperature 
apparatus that has been developed and the metallography 
of the martensitic transformations in sodium and lithium. 
Preliminary notes on the results for sodium and on the 
experimental method have already been published.1°-}? 


The apparatus and the experimental method 


The main problems to be overcome in designing the 
experimental arrangement are (1) the specimen must be in 
a vacuum, (2) its surface must be fairly close (within a few 
millimetres) to the microscope objective, and (3) the sur- 
face of the specimen, once prepared, must remain uncon- 
taminated. The apparatus which was used is shown in 
Figure 1. It is a small portable cryostat which will fit on to 
the stand of a Cooke, Troughton, and Simms bench micro- 
scope. The lower innermost copper container A holds 
about 120 cm? of liquid helium and is surrounded by a 
copper radiation shield B. This screws on to the base of the 
upper container C which contains liquid air. A 4-7 mm 
annealed copper rod D, which is in thermal contact with 
the liquid helium passes through a hole in C to within 
about 5 mm of the outer casing. A hole into which the 
specimen holder may be screwed is tapped into the top of 
this rod. The outer brass jacket E is fitted with a valve and 
quick release coupling F so that it may be evacuated, 
sealed, and then removed from the pumping line. The 
lower part of E is screwed on to the top plate where it is 
sealed with an ‘O’-ring. The specimen is viewed through a 
Pyrex glass window K, 0-3 mm thick, which is set into the 
top plate of E, just above D. This window rests on a well 
greased ‘O’-ring and when the apparatus is evacuated this 
acts as a satisfactory seal. The helium container is sup- 
ported by its thin walled stainless steel filling tube G. This 
tube is only attached to the top of the liquid air container 


27 


(b) 


Figure 1. Diagram of low temperature cryostat used for the metallo- 

graphic examination of metals at liquid helium temperature. (a) shows 

the holder in which the pellet of metal is held and (b) illustrates the 
method of sectioning the cone-shaped specimen 


and not to the bottom, so as to reduce the heat influx. 
When the helium container was well polished, one filling 
of helium would last about 34 hr. 

The specimen was held in a small copper cup shown in 
the inset to Figure 1. The lower part of the base was turned 
down and a thread was cut on to it. The outside of the 
cup was hexagonal so that the holder could be screwed into 
the copper rod D with a box spanner. Six vertical tinned 
copper wires were soldered into holes in the base of the cup. 
They were about 2 mm long and they assisted in making 
good mechanical and thermal contact between the cup and 
the specimen. 

The holder, shown in Figure 1(a), was loaded as quickly 
as possible with a small pellet of metal from which all traces 
of grease and oil had been removed. This pellet was pressed 
into the holder until it was about 3 mm higher than the 
walls and it was then trimmed so that a cone of metal pro- 
jected above the top of the cup, as is shown in Figure 1(b). 
It was then screwed into the apparatus and, after the 
thermocouple had been attached (see below), the glass 
window was fitted. The apparatus was then evacuated. 

The specimen surface was prepared by cutting off the tip 
of the cone, so that the metal was about 2 mm thick, witha 
sharp highly polished blade H which could be rotated ina 
horizontal plane from outside the apparatus by means of 
the rod J. The vacuum seal for this rod was made with two 
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‘O’-rings. It was found that no matter how long the appar- 
atus was pumped at room temperature there was always 
sufficient water vapour left to cloud the specimen surface 
a few minutes after it had been cut. To stop this, the liquid 
air container was filled. This condensed the water vapour, 
but the specimen only cooled a few degrees below room 
temperature. After being cut the specimen itself was cooled 
by filling container A with liquid air. This liquid air was 
emptied by inverting the apparatus and then A was filled 
with liquid helium. When the apparatus was inverted, C, of 
course, was also emptied and it had to be refilled with 
liquid air. 

To produce sodium with a fine grain size it is necessary 
to prepare the surface at a low temperature. The specimen 
was cooled to 90° K with liquid oxygen in the helium con- 
tainer and the surface was cut. It was then warmed up for 
5 min at 170°K (above the recrystallization temperature) 
with pre-cooled acetone in the helium container and was 
then re-cooled to 90° K and the experiment was continued 
in the usual manner. 

The specimen temperature was measured with a copper- 
constantan thermocouple. The leads for this were set in 
Araldite in a groove cut in rod D. They ran to the bottom 
of this rod and then up to the top of the apparatus again in: 
the space between the rod and the liquid air container, 
where they were thermally anchored to C. They were taken 
out of the top plate through an Apiezon wax seal. The cold 
junction was pressed into the body of the specimen and 
the warm junction was immersed in a bath of liquid oxygen 
which was kept stirred. Copper—constantan thermocouples 
are not very sensitive at liquid helium temperatures (they 
have a sensitivity of about 4 »V/deg.K), but this was con- 
sidered satisfactory because the specimen temperature 
needed to be known only to about a degree. The specimen 
temperature was usually about 6° K when A was filled with 
liquid helium. 

When the transformation temperatures were being de- 
termined the specimen was first cooled with liquid air and 
then it was cooled slowly with small quantities of liquid 
hydrogen. With a little practice a slow rate of cooling could 
be achieved and the transformation temperature could be 
determined to within about a degree. 

The specimen was illuminated vertically in the usual way, 
with mercury light and a green filter. This did not seem to 
alter the specimen temperature to any extent. A 16mm 
objective was used. The glass window tended to cloud over 
after a time but this was easily cleared with a hot air blower. 

The lithium used was 99-7 per cent pure, the sodium and 
potassium were high purity vacuum distilled metals with 
purities of 99-998 and 99-999 per cent, respectively. 


Experimental observations 

The specimen surface after cutting was smooth and flat 
but was covered with fine scratch marks. For those cuts 
which were made near room temperature it is expected 
that any damage produced by the cutting process would 
immediately anneal out. Grain boundary migration was 
observed after the specimen was cut and this confirmed 
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| Figure 2. Surface relief effects produced on sodium cooled to 6°K. 
; The black markings are plates of the new martensitic phase (x 200) 


that the surface was strain-free. Since the specimens pre- 
‘pared at 90°K were afterwards warmed above the re- 
crystallization temperature, they too should be strain-free. 
|The surfaces remained clean and free from oxide after a 
‘number of cycles of cooling and heating. The diameters of 
the grains in lithium were about 0-15 mm and in sodium 
they were 1 mm and 0-1 mm when the surfaces were pre- 
‘pared at room temperature and 90° K, respectively. 

When specimens of sodium are cooled the first evidence 
of transformation is the appearance of fine lines which 
‘grow rapidly in length and thicken slowly. The lines or 
plates form a series of zigzag networks, Figures 2 and 3, 
formed by the intersection of parallel bands at an acute 
angle. In any one zigzag group there are plates with four 
different orientations, alternate parallel plates producing 
| tilts with opposite senses. As cooling proceeds more lines 
appear parallel to the original ones which continue to 
| thicken. The growth is erratic, some plates forming almost 
| instantaneously whilst others grow slowly. Many of the 
broad bands are formed by two bands merging together. 
_ When the specimens are heated the plates disappear in the 
| same way in which they formed. The plates leave scars on 
the surface as observed by Barrett.? Figure 4 shows the 
, same specimen as in Figure 3 at 90° K when the reversal to 
the high temperature phase is complete. 

The growth of martensite in lithium is similar to sodium. 
Figures 5 and 6 show two stages in the transformation. In 
agreement with Barrett, no transformation was detected in 

| potassium when it was cooled to 6°K. 

In four specimens of sodium prepared at room tempera- 

ture the start of transformation was 31°, 31°, 32°, and 
31°K. Just below this, a large amount of martensite was 
produced and at 20° K about 40-50 per cent transformation 


CRYOGENICS - SEPTEMBER 1960 


at 20°K 


Figure 4. The same field as Figure 3 after the specimen was heated to 
90°K. The martensitic plates leave scars on the surface. Note also the 
fine scratch marks produced by cutting the specimen (x 100) 


had occurred. The actual amount of transformation varied 
considerably in different parts of the specimen. There was 
a negligible amount of transformation on further cooling 
to 6°K. On the reverse cycle transformation back to the 
high temperature phase was practically complete (within 
3 per cent) at 65°K. 

When the specimens were re-cooled without heating 
above 90°K, the transformation started at the same tem- 
perature as for freshly prepared specimens to within 2°, but 
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Figure 5. Martensitic plates formed in lithium just after transformation 
has started, approximately 70°K (x 100) 


the amount of transformation was reduced. Figure 7 
shows the same region at 20° K after three successive cool- 
ing cycles. In general, the martensite plates form in the 
same places after each cycle, but in some cases the plates 
formed in different positions. 

For the sodium specimens prepared at 90° K the trans- 
formation started at approximately the same temperature, 
but at 20°K only a few per cent of the metal had trans- 
formed and no further transformatian could be detected 
on cooling to 6°.K The transformation in three different 
lithium specimens started at 74°, 76°, and 78°K. At 20°K 
transformation was complete and no changes were ob- 
served on further cooling to 6°K. Approximately 90 per 
cent transformation had occurred. 


Discussion 


Observations have shown that at 20° and 6°K in large 
grained specimens about 50 per cent of the body-centred 
cubic sodium has transformed to martensite. This agrees 
well with that estimated by Dugdale‘ from the specific heat 
results of Martin.® The results for fine grained specimens, 
where only a small amount of transformation occurred, 
are in agreement with the results of Barrett from X-ray 
analysis. His specimens were also prepared at low tem- 
peratures and they were fine grained. The transformation 
temperatures of both sodium and lithium confirm the 
observations of previous workers. It is particularly inter- 
esting to compare the results for sodium with the electrical 
resistivity measurements of Gugan and Dugdale.® Their 
results indicate that transformation starts at 33°K and 
that the majority of the transformation occurs between 30° 
and 20°K. There is only a small change below 20°K. On 
the heating cycle the reverse transformation starts at 48° K 
and is complete at 70°K. These results agree closely with 
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Figure 6. The same field as Figure 5 after the specimen was cooled to 
20°K. Transformation is almost complete ( x 100) 


the present work and it follows that electrical resistivity 
measurements can be used to study the progress of the 
transformation with some precision although it is difficult 
to use them to obtain an absolute value of the amount of 
the new phase formed. 

Whilst all the observations have been made on the sur- 
face of the specimens it is believed that this is representative 
of the specimen as a whole. In other martensite transfor- 
mations in which the martensite phase is stable at room 
temperature, the amount of transformation detected bysur- 
face examination agrees closely with that found when the 
specimen is sectioned. Our observations are also supported 
by their agreement with the amount of transformation de- 
duced from the measurements of the specific heat of sodium 
by Martin.® 

It has been shown previously!! that the martensitic 
transformations in sodium and lithium have a marked 
effect on the stress-strain curves of these metals. At 20° and 
4-2°K lithium has a serrated stress-strain curve which 
probably results from a second transformation from a 
hexagonal close packed to face-centred cubic structure 
induced by strain at these temperatures. No evidence for 
this second transformation was detected in unstrained 
lithium at 6°K although it does not follow that transfor- 
mation has not occurred. There is a marked hardening in 
sodium between 20° and 4-2°K although in unstrained 
specimens no further transformation is observed. How- 
ever, it is expected that strain-induced transformation will 
occur more readily at the lower tempetatures and this will 
result in greater hardening. 

In the past many experiments have been made on the 
alkali metals and in particular on sodium because these are 
the ones to which it is most easy to apply theoretical pre- 
dictions. The present results, together with those of the 
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(a) 
Figure 7. Zigzag groups of plates on sodium after three successive 


cooling cycles to 20°K, (a), (b), and (c), respectively. There is gradual 
reduction in the amount of transformation (x 150) 


other workers mentioned in this paper, emphasize that 
measurements which are taken below the transition tem- 
perature are liable to be affected by the presence of the 
second phase and hence a simple interpretation is rendered 
less likely. Nevertheless, it does not seem possible to 
explain all the anomalous results on sodium as being due 
to the phase transformation. Two sets of experiments, in 
particular, are still unexplained. The first is that by Rayne™ 
who found a specific heat anomaly in sodium below 1°K. 
As the present results and also those of Gugan and Dug- 
dale® show, the transformation in sodium is practically 
complete by 20°K. Very little, if any, further transforma- 
tion occurs on cooling to 4:2° K and it therefore seems most 
unlikely that any more change would occur below that 
temperature. Even if it did occur, the fact that there is 
considerable hysteresis in the transformation makes it most 
unlikely that the metal would transform back below 1°K 
during warming up whilst the specific heat measurements 
were being taken. 

The second set of experiments which are still unexplained 
are those by MacDonald, White, and Woods,* and 
Woods! on the electrical resistivity of sodium. These 
workers showed that in the region between 5° and 10°K 
the ‘ideal’ electrical resistivity (i.e. that part of the re- 
sistivity whichis produced by the scattering of the electrons 
by the lattice vibrations) is proportional to T° instead of to 
T® as is predicted by the elementary theory of electron 
scattering. It does not seem possible in any straightforward 
way to ascribe this deviation to an effect of the transforma- 
tion. As has already been noted, in this temperature range 
the transformation has been practically completed. One 
can consider the metal as being composed of regions of two 
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different resistivities each of the form Ry+ AT 5, where Ry 
is the constant residual resistivity which is present at the 
lowest temperatures. Since R, and A are not very different 
for each phase it does not seem possible to combine the 
resistivities in any way such that the temperature dependent 
part would be proportional to a power of T greater than 
five. If some transformation was still occurring, then, since 
the new phase has a value of A whichis less than that for the 
old phase,‘ the resistivity of the combined phases might 
decrease more rapidly than T° over a limited temperature 
range. On balance, however, it seems unlikely that these 
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results, or the specific heat work of Rayne!® can be ex- 
plained in any simple way as being directly due to the 
transformation. 

If experiments on sodium are required in which the 
existence of the transformation might lead to complica- 
tions, the experiments show that it is possible to inhibit the 
formation of the new phase to a certain extent by control- 
ling the grain size. Thus the use of the metal in the form of 
very fine particles may depress the transformation appreci- 
ably. The temperature for the start of martensitic trans- 
formation may also be depressed by previous plastic 
deformation above the transformation temperature, but 
this method is unlikely to be suitable. 

We should like to thank Mr. G. W. Horsley of A.E.R.E., 
Harwell, for supplying the lithium, sodium, and potassium, 
and we are grateful to Prof. C. S. Barrett, Dr. Z. S. Basin- 
ski, and Dr. J. S. Dugdale for valuable discussions. This 
work was carried out at the Clarendon Laboratory, and 
formed part of a joint programme of research between the 
Laboratory and the Metallurgy Division of A.E.R.E., 
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THE need for conducting low temperature research on the 
jtransuranic elements has long been felt by plutonium 
‘metallurgists. These elements are extremely radioactive 
and can only be investigated in a laboratory where all the 
necessary and complex facilities are available. So it was 
through the joint co-operation of the plutonium section of 
the Atomic Energy Research Establishment, Harwell, and 
‘the Clarendon Laboratory, Oxford, that a suitable cryo- 
‘stat came to be designed and built at A.E.R.E. 

_ The design, construction, and operation of this cryostat 
are described below. Results obtained from its use will be 
published in due course. 


| Problems involved 


As is well known, toxic hazards arise in working with the 
transuranic elements. In the case of plutonium the hazard 
lies not so much in the strength of its alpha-emission (the 
-alpha-particle range in air is only 3-7 cm), but rather in its 
readiness to oxidize quickly into a non-adherent oxide con- 
sisting of exceedingly fine particles. This leads to a rapid 
build-up of alpha-active dust in the surrounding atmo- 

sphere and, as the total body burden is set at the very low 
level of 0-6 ug, operations have to be conducted inside a 
glove-box. 

The usual procedure then is to handle plutonium in a 
glove-box possessing an inert gas atmosphere. In this way 
it is ensured that active specimens and any equipment that 
may have been in contact with them do not contaminate 
the open laboratory. 

Another consequence of the Hpi: emission of pluto- 
nium is its very high self-heating. The value given by Stout 
and Jones! for the rate of energy production by plutonium- 
239 is 1-923 +0-019 mW/g. This results in a rod of pluto- 
nium, 2 mm in diameter, being about 0:5°K warmer than 
its surroundings if these are solely gaseous, or about 2°K 
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warmer if the sample is in a vacuum. Thus the question of 
temperature measurement, especially at lower tempera- 
tures, is raised. 

This problem does not arise in the case of neptunium 
where the self-heating is negligibly small. The toxic 
hazards, however, still remain. 


Methods 


There are two distinct methods by which low tempera- 
ture experiments can be performed on active substances, 
viz., (1) by sealing specimens in small capsules and then 
making use of a conventional cryostat, or (2) by construct- 
ing a special cryostat for use with a glove-box. 

The first method immediately imposes severe limitations 
on the variety of possible experiments. For while it is not 
unsuitable for experiments involving, for example, sus- 
ceptibility measurements where ballistic mutual induc- 
tance techniques can be employed, it is not easily adaptable 
to those experiments where it is necessary to have leads 
attached to the specimens. Nevertheless, some experiments 
of this type have been performed successfully on both 
neptunium and plutonium rods. The manner in which 
these specimens were sealed will now be described briefly. 

Each container was cylindrical in shape and made of 
brass. The overall length was 8 cm, the diameter 12 mm, 


_ and the wall thickness | mm (Figure 1). A platinum—glass 


seal made from a | cm length of 6 mm diameter platinum 
tubing had four platinum wires passing through it. These 
wires were enclosed for most of their lengths in glass capil- 
laries which gave them increased strength and eliminated 
the possibility of a short circuit with the container. After 
spot-welding the wires on to a specimen, the container was 
filled with helium gas. The seal was then soft-soldered into 
its neck. The exteriors of the capsule and seal having been 
previously coated with shellac, contamination was later 
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Figure 1. Method of sealing an active specimen in 
a capsule (glass capillaries not indicated) 


B: Brass cylinder 
D: Platinum wires 


A: Sample 
C: Platinum tube 
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removed merely by dissolving away the shellac with 
acetone. 

The capsules made in this way were found to be perfectly 
safe and reliable, and most of them made over half a dozen 
descents to liquid helium temperatures. Thus, three speci- 
mens, canned by this method, could be taken to the 
Clarendon Laboratory and electrical resistivity measure- 
ments made in a cryostat where temperatures of 0-75°K 
were obtainable.” 

The major drawback to working with active specimens 
in this manner is soon found if one of the spot-welded con- 
tacts becomes loose. The repair of the weld is then a lengthy 
job occupying several hours since it can only be carried out 
in a glove-box. 

Also, in the case of plutonium, there is some uncertainty 
concerning its precise temperature due to its high self- 
heating. This matters most at the lower end of the tempera- 
ture scale and for this reason thick platinum wires were 
used. Even then, however, the temperature difference be- 
tween the specimen and the helium bath was possibly as 
large as 0-05°K. 

In the cryogenic glove-box described below this problem 
of temperature measurement at helium temperatures does 
not arise. 


The cryogenic glove-box 

On account of the general difficulties and restrictions 
always encountered when using a glove-box, it was evi- 
dently desirable that the operational side of the cryostat 
should be kept as simple as possible. Accordingly, it was 
decided to limit our investigations in the first instance to 
the measurement of properties such as electrical resistance 
and Hall effect, where adiabatic conditions are not essen- 
tial—as they are, for example, in calorimetric or thermal 
conductivity experiments. The advantage of this is that 
continuous readings can easily be taken on such quantities 
while the system is slowly warming or cooling. 

The cryostat was designed principally for operation in 
the helium temperature range, though it can be used to 
cover continuously in warming the entire range up to room 
temperature. 

The question of temperature measurement in the helium 
range was solved by arranging for the active specimens to 
be immersed in liquid helium itself. The temperature of the 
specimen, carbon resistor, and liquid helium may then be 
taken as being essentially the same. (The Kapitza boundary 
heat resistance between a | g plutonium rod supplying 
2 mW of energy and liquid helium II gives AT< 0-01°K, 
even at 1:-4°K.) Thus temperatures are measured by the 
helium vapour pressure scale with a carbon resistor as a 
secondary thermometer. 

In addition, the cryostat had to be of such a shape as to 
allow magnetic experiments to be performed, and to be 
constructed in such a way that specimen introduction and 
removal would be relatively straightforward. 

The glove-box is basically a normal one of the free- 
standing type as widely used at A.E.R.E. That is to say, it 
is argon-filled, perspex fronted and roofed, with two neo- 
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Figure 2. The cryogenic glove-box 


prene gloves on the front panel and a posting-in port at one 
side (see Figure 2). General descriptions of this type of box 
and its operation can be found in the literature.® 4 

The maincentral tube of the cryostat, which is almost 1m 
in length and 15mm in diameter, is essentially an extension 
of the glove-box vertically downwards from its floor (see 
Figure 3). The cryogenic services being all outside this tube, 
modification or repair of the cryostat can be carried out 
without disturbance of the glove-box. In the event of any 
major modification to the ‘active’ part of the cryostat being 
necessary, however, it is possible to remove the whole 
cryostat by standard PVC bag techniques and to take it to 
a laboratory fume cupboard. 

The upper half of this cryostat tube is made of brass but 
the lower half is of 15 mm German silver tubing with cop- 
per forming the bottom 13 cm. It is within this copper part 
that the specimens are suspended and the helium con- 
densed. The top of the long tube leads to a vacuum system, 
the helium gas supply, and oil and mercury manometers 
(Figure 4). These manometers and the entire vacuum sys- 
tem including a 601./min DR1 direct drive Metrovac rotary 
pump are actually inside the box. Also within the box is 
an 181. helium storage vessel which is filled to a pressure of 
nearly 2 atm before a run from a helium cylinder outside. 

Around the middle of the long central tube and inside 
the inner Dewar is a brass container that can be filled with 
liquid nitrogen. This serves to reduce heat leaks down the 
15 mm German silver tube and also acts as a radiation 
shield for the liquid in the Dewar. 
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The liquid helium used in this laboratory is obtained in 
10 1. Dupree-Swift transport Dewars from the National 
Physical Laboratory. From one of these Dewars liquid 
helium is siphoned into the inner Monax Dewar of the 
cryostat. Here, it can be pumped by an external vacuum 
system, consisting of two 3401./min rotary pumps running 
in parallel. The outer Dewar of the cryostat is for liquid 
nitrogen. 

A small gas thermometer is also included to give a con- 
tinuous indication of the temperature within the inner 
Dewar. 

The specimen is moufted in a special holder along witha 
carbon resistor and several thermocouples. This holder is 
attached to the lower end of along 1 mm diameter German 
_ silver tube which passes right down the centre of the cryo- 


=A 
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Scale 
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B: Main tube, german silver 
D: Liquid nitrogen container 
F: Inner (helium) Dewar 

H: Hole for siphon 

J: Specimen holder 


A: Main tube, copper 

C: Main tube, brass 

E: Gas thermometer 

G: Outer (nitrogen) Dewar 
I: Shell of glove-box 


K: Specimen L: Carbon resistor 
M: 1 mm german silver tube N: Nylon cord to pulley 
O: ‘O’-ring seal P: Black-wax seal 


R: Leads 


Figure 3. Approximate scale drawing of the cryostat 
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stat (see Figure 3(b)). Thin metal disks with small holes in 
them are fixed to the tube at roughly 10 cm intervals, and 
they serve the dual purpose of guides for the leads and 
radiation shields for the liquid helium in the cryostat. There 
are at present in the apparatus eight insulated 40 gauge 
constantan wires and three copper—constantan thermo- 
couple pairs, and all of these leave the cryostat at its top 
through a black-wax seal. This whole assembly of specimen 
holder, German silver tubing, and leads, including the 
black-wax seal, is lifted into the cryostat by the use of a 
pulley situated in a tower in the roof of the glove-box. 

Copper-constantan thermocouples on the specimen are 
used for temperature measurement down to 20°K, and 
below this a carbon resistor is used. 


General procedure 


With the specimen already pre-cooled to 77°K in a 
helium atmosphere, liquid helium is siphoned into the 
inner Dewar. Pumping on this liquid helium is then com- 
menced and helium is condensed into the copper extension 
of the main tube of the cryostat by passing in gas at a small 
over-pressure. Usually, 20 to 25 cm? are liquefied in this 
way. The temperature of this internal liquid helium is then 
controlled by pumping on the liquid in the helium Dewar. 
Since the Dewar can hold 1-51., temperatures below 4:2°K 
can easily be maintained for 6 hr or more. Manual control 
of a 1 in. Saunders valve and a needle valve enables any 
temperature to be maintained within limits of +0-005° K 


o- 
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B: Charcoal cleaner 
D: DRI rotary pump 


A: Helium cylinder 

C: Helium storage vessel 

E: Mercury manometers F: Oil manometer 

G: N.G.N. rotary pumps H: Vacuum and pressure gauges 
J: Needle valves 


Figure 4. Simplified flow diagram, illustrating the distribution of 
apparatus inside and outside the glove-box 
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for whatever length of time is desired, though 30 min is the 
longest that has so far been attempted. As a rule, sufficient 
helium is obtained from a 101. Dupree-Swift Dewar for 
about three runs spread over a week. 

Once the liquid helium level has fallen below the bottom 
of the copper part of the cryostat, careful control of the 
pumping speed coupled with the heat leak down the cryo- 
stat allows a controlled slow rise in the temperature of the 
specimen to be achieved. In fact, as long as some liquid 
helium remains this rate of warming can be made as slow 
as is required. A rise from 4° to 20° K in 2 hr, for instance, 
is readily obtained. With care, steady temperatures be- 
tween 4° and about 12° can be held in rather unstable 
equilibrium for several minutes. When, finally, the last of 
the liquid helium has evaporated, the helium Dewar is 
evacuated and the outer Dewar of liquid nitrogen removed. 
Under these conditions the warming to room temperature 
from 4K takes 7-10 hr. Faster rates are obtained when 
necessary by electrical heating in the helium Dewar. 

Another method of ensuring an initial slow temperature 
rise from 4 has also been employed. A lead cylinder 18 cm 
in length and 1,800 g in weight is suspended concentrically 
around the cryostat tube. Liquid hydrogen must now be 
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used as an intermediate cooling stage. About 0-51. of liquid 
hydrogen is evaporated in cooling the lead from 77° to 
20°K and then about 0:51. of liquid helium in bringing the 
temperature to 4°K. Now, after the final evaporation of 
helium, the large thermal capacity of the lead ensures that 
the rate of warming is slow and uniform. 20°K is then 
reached in 1 hr and 77°K in 3 hr. 


We wish to thank Dr. K. Mendelssohn of the Clarendon 
Laboratory, Oxford, and Dr. M. B. Waldron, A.E.R.E., 
Harwell, for valuable advice and criticism. One of us 
(G. T. Meaden) is indebted to A.E.R.E. foraresearch grant 
and for the facilities afforded to him there. 
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BoTH the sublimation and vaporization curves of pure 
substances have been studied extensively and a wealth of 
data and numerous empirical equations have been ob- 
tained. Using mathematical methods, this paper re-derives 
some known properties of the entire condensation curve 
from zero temperature to the critical point in a simpler 
manner and obtains new properties for the first time. 

For convenience, we will use variables p,v = 1/p,T, 
Z = p|pT, which are reduced by their critical values; when 
needed, unreduced variables will be indicated by the same 
letters primed. A first assumption, which we will call the 
axiom of the perfect gas, asserts that 


imZ(p;7) =1, T > 0 
p—0 
and 


Z'(0,T) = 1, T>0 


and is in accordance with all reliable experimental results. 
(In reduced variables, the value and limit, i.e. 1, must be 
replaced by Z° = 1/Z; = constant, where the superscript 0 
and subscript c indicate zero pressure and the critical point, 
respectively.) An immediate consequence of this axiom 
and the definition of Z is that 


lim pp; T) =.0, 7 -> 0 
p—0 : 
and 


p(ON TIO sO 


Clearly, the above limits must hold on any arbitrary curve 
terminating on the T axis and lying entirely in the vapour. 

Indicating the difference between the vapour and con- 
densed phase densities by Ap, a first-order phase transition 
curve ¢ is defined by the requirement that Ap 40 at every 
point [pg(7), T] of the curve except a terminal point lying 
in the interior of the p, T domain (that is, the critical point). 
The second terminal point of such a curve ¢ clearly cannot 
lie on the boundary JT = 0, p > 0, since a vapour cannot 
exist under such conditions. Since p = 0 everywhere on the 
boundary p = 0, T > 0, the requirement Ap £0 thenimplies 
that the second terminal point of ¢ must be at P = (p= 0, 
T = 0) regardiess of the nature of the condensed phase. 

Let yy be a curve py (7) lying entirely in the vapour, 
which is infinitely differentiable (that is, for which 


n d” 
PRAT) = (58) 
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exists at all points of J, for every finite n), which terminates 
at the point P = (p = 0, T= 7,), Tp) > 0, and which, at least 
initially, is otherwise arbitrary. If this entire curve is trans- 
lated parallel to the Taxis to form acurve , terminating at 
P=(p=0,T=0), the new curve will not necessarily lie 
entirely in the vapour. In particular, since 


lim 2 = lim Zp = Z°limp = 0 
p-—>0 p—0 p—0 


on any curve lying entirely in the vapour and since 
lim Hine (T) exists by the assumption of infinite differenti- 
T—0 


ability, evaluation of 


(tim) ee (tim 7) 
Tool ib peor ob 


implies that for % to be in the vapour we must have 


Py (0) =(. Using this as a necessary condition, we can 


form anew curve #, which again lies entirely in the vapour, 
is infinitely differentiable, terminates at P, and which is 
otherwise arbitrary except for the additional requirement 


? (0) =0 
Py, 1(0) = 0. i 
On the new curve ¢, defined above, we must then have 


ea ELH) gat ap sthO| 
— = | =~ + |— ‘a 
GE f,1 cas OT } 5,91 Op ng et ) 


1 
= (0+ 7-0) = 0 


Translating %, parallel to the T axis to form a curve ¥, 
terminating at P, the limit 


dZp\° 

siti & =u 

aT) y1 
must remain valid due to one-sided continuity in the 
vapour phase and the fact that 


d 
(n) (n) —@) 
Py (T) = pg(T+T) G(T + To) = py(T+To),n 2 0 


This implies that 
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and, thus 
qd) 
ee 7) . Pg, (7) Ons, 
lim —, = lim -——— = }py1 = 9 
(im ¥,1 T—>0 27 : : 


We can now form a new curve #, which satisfies all 


the conditions on %, and the additional requirement 


Py, (0) = 0, but is otherwise arbitrary. Repeating the 


previous process, that is, determining that 


C7 ed, i (2) 
= lim (“—< 2) RS im a ee 
(ar), tim (Grr) p, ue dT |.\d1 5 


OZ p 
“(%) 
4 Op } r\)¥,2 


: Ta) (1) 0? Zp 
Sarlirn (see Weck 2p pee ot 
lim | (Spe), +20: spar 


0Z, oZ 
(2) [22P (a)2) SP an 
+alpa| dp Ro dp* ), : 


and applying this result, we find that 


(Sz), ay 


—— 
a= 
ae} 
ae 
a 
a 
| 
i=) 


and 
Pp (0) = 0 


By induction, we can thus show that for any infinitely 
differentiable curve # lying entirely in the vapour and 
terminating at P 


and 
lim py(T) = 0 
T—0 
for every finite n, and thus the additional result 


lim tim $y] = 0 
n>x LT>0 yb 


(We shall soon see that the two limits in the last result 
cannot be interchanged.) Essentially, the above proof con- 
sists of a continuing process in which knowledge of the fact 


that | lim ZelT"| i. 0 implies that py*?(0) =0; and 
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since 
Pe 0) = Pe (a) 
then 


(m7) 
iM) .= 
TT, rvs pb 

With the exception of the necessary conditions at the 
point P which are derived above, % can then be chosen 
arbitrarily in the vapour in the neighbourhood of die 0. 
Therefore, if 4 is infinitely differentiable, curves p in the 
vapour can be chosen such that all of the derivatives 
PT ) can be made arbitrarily close to the values p$XT) of 
the vapour condensation curve, and the limits 


$0) = tim on] f =0 foreveryn>0 
T—0 


and lim tim op) = 0 


n—>oLT—>0 


must also be valid. In addition, we must define the values 
at T = 0 by their limit on the right on ¢, pS (0) = 0, for every 
n> 0. For asimple thermodynamic system, this definition 
involves no loss of generality since the temperature cannot 
be negative. 

This same result could have been obtained from the 
recent demonstration of Glass and Klein,! who in the pro- 
cess of discussing the applicability of the Third Law of 
Thermodynamics to the sublimation curve, show that, 
while the number density in the gas vanishes exponentially 
for T—0, the entropy per particle diverges only as 1/T. 
Their proof depends on the assumption that the condensed 
phase is acrystal: by equating the chemical potential of the 
saturated crystal and the saturated vapour they show that 
the vapour cannot be degenerate, and that the number 
density of the vapour vanishes as T*/*exp(—x/kT), where 
x is positive and equal to the difference between the energy 
of the lowest state of a free atom in the gas and the energy 
of the lowest state of the atom bound in the crystal. 

In our case, we have shown that p vanishes more rapidly 
than any power of 7 and thus also that p must vanish 
exponentially as T->0. The fact that the vapour pressure 
curve for helium II has apparently the same mathematical 
properties in the vicinity of T= 0 as ordinary sublimation 
curves indicates, as we have demonstrated above, that this 
limiting behaviour is of much more general validity and 
does not depend on any assumption of classical laws or on 
the fact that the condensed phase is a solid. 

In passing, we note that the conclusion of Glass and 
Klein, that the Third Law remains valid and applicable 
even in the case of sublimation, could be true only for a 
system of fixed total volume. Since thermodynamic laws 
are as frequently applied to systems of fixed total mass, the 
question of the applicability (though not the validity) of 
this Law still exists. This question, however, is answered if 
we consider an actual vaporization or sublimation process 
at T= 0. Such a sublimation process can be achieved by 
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placing a system of either fixed total mass or fixed total 
volume (which is defined to be initially completely con- 
densed at p=0, T=0) in an infinite heat bath whose 
temperature T= « > 0 is arbitrarily small. The final state 
will be one of a vapour at T= 0 and p=0. 

If we wish now to re-condense the system from the final 
state achieved above, we cannot do so by increasing the 
pressure to some p = « > 0 which is arbitrarily small (since 
the limit (d7/dp)g = + implies that even a vanishingly 
small increase in pressure could result in a finite increase in 
the temperature of the system; as soon as the system leaves 
the point P, the inaccessibility form of the Third Law 
implies that the system cannot be returned to P). Similarly, 
we cannot re-condense the system by placing it in a ‘heat’ 
bath with a temperature T = —« < Osince the Second Law 
of Thermodynamics requires the temperature of a simple 
thermodynamic system to be positive. Thus, even though 
sublimation or vaporization at 0°K may be considered as 
of ‘reversible type’, they are not reversible in fact, since no 
reverse processes are conceptually possible. Since the 
Third Law applies only to reversible processes, we can 
assert that the Third Law of Thermodynamics is not 
applicable to the sublimation (or vaporization) at 0°K of 
any system. This statement remains true even for a system 
of fixed total volume for which the results (AS—>0, where 
S is the total entropy of the system) are identical. 

We now introduce an ad hoc assumption which, 
although its plausibility is indicated by known results of 
supercooling near the triple point, must be considered a 
second axiom: that the section of ¢ between the triple point 
and the critical point is identical with the section of the curve 
which would exist for equilibrium between the vapour and 
a phase maintained liquid (though unstable) to zero tem- 
perature, and that the section of ¢ between zero and the 
triple point is identical with the section of the curve for 
equilibrium between the vapour and a phase maintained solid 
(or liquid II for helium) at least to the triple point. Thus we 
can consider the vapour condensation curve p¢(T) to be 
composed of sections of two intersecting curves, p,(T) and 
pAT), both terminating at P and both possessing the same 
general mathematical properties, including the same zero 
limits and values for all their derivatives at P. Clearly, only 
one of these curves can terminate at a critical point since 
a condensed phase possessing order or symmetry in either 
co-ordinate or momentum space cannot vary in a con- 
tinuous manner to the random vapour phase.? 

Considering either of the above curves and, for con- 
venience, omitting the subscript, we now introduce as a 
third axiom the completely mathematical assumption that 
p(T) exists, for every n > 0, and for every T in the closed 
interval 0 < T< 1. This axiom is equivalent to the state- 
ment that p(T) is infinitely differentiable in (0, 1], which is a 
necessary, but not sufficient, condition for p(T) to be 
analytic (in the real sense, that is, possessing a convergent 
Taylor series). Since each p(T) has a derivative, it must be 
continuous and bounded; and, since each p(T) is the 
indefinite integral of its derivative, it must be absolutely 
continuous and, thus, of bounded total variation. From a 
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fourth axiom, p > 0, which is required by the conditions for 
stable mechanical equilibrium, we can immediately con- 
clude that a number 6, exists such that, for 0< 7 <4,, 
p(T) > 0, since p(T) can become positive only by initially 
having a positive derivative (we disregard the trivial case 
where p(7) is identically zero for all 7). Applying this 
result and each succeeding result for n = 2, 3,..., leads to 
the existence of a set of intervals (0, 5,] such that p™(T) > 0 
for0<T7<6,, for every n; that is, there is ne value of n 
for which p(T) is everywhere negative on (0, 1]. 

If p™(T) were analytic, we could expand it in a Taylor 
series about 7 = 0. Thus, in the expression 


M 
I 
pT) = > — ptm) T" + Rul) 


m=0 

the partial sums =, would converge to the value p(T) 
and the remainder R,, would approach zero with increas- 
ing M. However, the partial sums are always zero for every 
M and, thus, converge only to zero, while the remainder 
does not approach zero with M, for arbitrary T > 0, and 
must be always equal to p(T). Therefore, T = 0 cannot be 
an analytic point of p(T) for any n > 0 or, equivalently, 
no convergent power series La,7* for p(T) can exist 
everywhere in [0, 1]. 

Considering p(T) as expanded in a finite Taylor series 
with remainder about the point J=0, then, since the 
finite sum always vanishes, we can write? 


1 —_yyn 
P(T) = Freel had p"*D(xT) dx 
0 . 


5 fe (T- xy 
= Ms LESSON) 
li as (x) dx 
Using the Schwarz inequality, 


f= 
jor)? < | oan. [pm reayltdx 


amr T (n-+4) 
<a m x)|2 
m!*(2m+ 1) [ile cali 
or, 
fe [p= D(x)|2dx > 2m+ | 


Shin 


PT) 
Ie" pF? O<Fsi 


Thus, the integral increases without bound with m, which 
implies that | p“(x)|, itself, is unbounded with m on a 
subset which is not of measure zero in every interval 
(Ont; 

If p(T) is assumed non-analytic at every point TJ, in 


[0,1], then by similar reasoning from the Schwarz 
inequality, 
x 2m+ | p(T)- = 
(m+D(x)|2 dp > at 
(Ble Golam concise 


mt 


1 
where Sy ; & kl p“(T>) (T—Ty)* 
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The integral, of course, must become zero as T—>T, since 
it is absolutely continuous. However, since by assumption 
z,, does not converge to p(T), for T #7) the integral must 
become unbounded with m which, again, implies that 
| p*(x)| increases without bound with mona subset which 
is not of measure zero in every non-vanishing sub-interval 
of [0, 1]. 

If, however, p(T) is assumed analytic at points T, 40, in 
the interior of the interval of convergence, its Taylor series 
will converge absolutely and, thus, unconditionally. 
Therefore, the terms of the series can be rearranged to 
obtain a power series 


0 
Di idied “ 
k=0 


where the constants are given by 


1 < es 1)' (k+h) h 
a = kl » sad Aha 2 TXT )T 6 
h=0 
and are independent of T. As noted above, this power series 
cannot be convergent to p(7), at least in the nei Eile 
of T= 0; that is, the Cauchy criterion 


lim Te— & a THO 
k=O | 


m,n—o ik=0 


cannot be satisfied as T—>0. 
In particular, choosing m=n-—1 in this criterion, we 
must have 
linia, "| > « 

where « is any arbitrarily assigned number such that « > 0; 
then 

lim lim |a,T"| > « 

T—>0 n> uw 


which implies that 


lim | a,,| > 


nO 


From the series expansion of a, we then can only conclude 
that | p(7,)| is unbounded with k for every Ty in (0, 1]. 
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Up to this point we have been considering p(T) only 
for0 < T< 1. Ifinfinite differentiabflity is maintained over 
the entire interval [0,0), however, a function f(T) is 
uniquely defined on this semi-infinite interval such that 
pT) = f(T) in [0, 1]. Then the above discussion applies 
equally well to the f(T), that is, the magnitude of these 
functions must increase without bound at any point of 
[1, 0]. For any T< o, f(T) is bounded. If we make the 
additional assumption that for some m the lim f(T) < 0 


T— 0 
then f+ (7) must either become negative for some finite 
T or approach zero as To. 

Designating by T¢m+1) the smallest zero of f*(T), 
clearly f*?(T) must have a zero Tm.) for which 
Tom+2) < Tom+1 and, in general, zeros such that 7(,41)< Tn) 
must exist for all n > m. Since the T;,) form a monotonic 
decreasing sequence bounded below by J7=0 they must 
approach a limit point 7... If T,, > 0, then lim| f(T,,)| 


n— 0 
would not be unbounded inn; thus, this limit point must be 
T.. = 0. Consequently, in any non-vanishing sub-interval 
of [0,1] an m large enough can be found such that p™(T) 
assumes negative values on the sub-interval. 

Let us define N to be the largest integer such that, for 
n> N, pT) > 0 for all T in (0, 1]. The determination of N 
is clearly of considerable importance for the shape of the 
vapour pressure curve. Preliminary investigations, how- 
ever, indicate that N varies with the particular substance 
and may possibly be as low as two for helium-3, three for - 
helium-4, and four for hydrogen (H,). It should be noted 
that only experimental data of very high accuracy are 
useful in determining higher-order derivatives; thus, re- 
sults of future investigations must depend strongly on 
basic theoretical considerations. 
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LiquiD helium possesses many qualities which make it a 
- fascinating subject for scientific research. Its low boiling 
point makes it the most-widely used means for reaching 
very low temperatures, but its behaviour when it is liquid 
is itself of intrinsic interest. Feynman’s work}? has been 
the basis of recent theories about the behaviour of liquid 
helium near the absolute zero and, at present, there seems 
to be general agreement that the superfluid behaviour of 
liquid helium at extremely low temperatures (< 1°K).and 
the T? behaviour of its specific heat below 0:6°K can be 
readily explained from the fact that helium atoms are 
bosons, which leads to the appearance of sound waves 
(phonons) as the only low energy excitations. There is, 
however, another property of liquid helium which has 
engaged physicists for a long time, namely, the so-called 
lambda transition at 2:2°K, that is, the transition from 
liquid helium I, which behaves like an ordinary liquid, to 
liquid helium IH, which shows superfluidity. Feynman? 
used his space-time approach‘ to discuss the partition 
function of a system of interacting bosons, but it seems 
questionable® whether the conclusion reached on the basis 
of introducing a number of simplifications can be applied 
to liquid helium. It is, therefore, of some interest to con- 
sider the problem of the specific heat curve of a system of 
interacting bosons. It is well known that a system of non- 
interacting bosons will show a so-called third-order tran- 
sition, that is, a transition where the specific heat c, is 
continuous, but where its temperature derivative dc,/d7 
has a discontinuity. The specific-heat of liquid helium 
shows a different behaviour: at the lambda point it has a 
discontinuity without, however, becoming infinite. In a 
recent paper, Brenig® derived an approximate expression 
for the energy spectrum ofa system of helium atoms which 
he claimed would lead to a second-order transition. His 
claim was based (private communication) on the fact that 
his energy spectrum would lead to an increase in the specific 
heat above that of a perfect boson gas at low temperatures, 
due to an energy gap in the quasi-particle spectrum (see 
equation (3) below), while also leading to a decrease at 
temperatures above the lambda point which is essentially 
due to the restriction on the number of quasi-particle 
degrees of freedom. It is the purpose of the present paper 
to discuss briefly Brenig’s energy spectrum and to give the 
results of evaluating the specific heat using an energy 
spectrum of the Brenig type which fully bears out Brenig’s 
claims. 
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The energy spectrum 

Since it is known from Feynman’s work that low energy 
excitations in liquid helium are sound waves, one may 
assume that for small absolute magnitudes of the wave 
vector k of the excitations, the energy <(k) as a function of 
k will be given by the formula 


e(k) = hks; Keke aad) 


where f is Dirac’s constant, k =|k|, and s is a constant 
equal to the velocity of sound. The number of degrees of 
freedom corresponding to the energy spectrum (1) is given 
by the formula® 


N, 


Pp 


in y N/3, 0 hie kilkp tee (2) 


where N, is the number of particles in the system and kp 
the Debye wave number. Noting that phonons are longi- 
tudinal waves, Brenig assumed y = 1 which corresponds to 
the case where all longitudinal degrees of freedom are 
taken up by the phonons. 

To find the energy spectrum for k > kp, Brenig used a 
slight variation of Tomonaga’s method’ of separating 
collective co-ordinates from (quasi-)particle co-ordinates. 
Introducing Nar (= 3No—Npn) quasi-particle co-ordin- 
ates one can evaluate the rest of the energy spectrum 
approximately. The result is 


e(k) = WK2/2m, kk > Ko sn (3) 


where m is an effective mass for which we shall write 
lips My. Sees (4) 


where m,,, 1s the mass of a helium atom. The factor A de- 
pends on the cut-off wave number ky. Assuming ky = kp 
and making simplifying assumptions about the expression 
for the energy, Brenig found A = 3/2. It is, however, very 
questionable whether the assumptions made by Brenig, 
especially the neglecting of the interaction between helium 
atoms, is justified, and we therefore decided to treat both 
A and y as adjustable parameters and to evaluate the 
specific heat for a series of A and y values. The calculations 
had to be done numerically and we therefore restricted 
ourselves to the following values: y =0:5, A= 1-5, 2-0, 
PSs y=06 V=22! p= 01S NS 2 y = BN ='155, 2-0, 
2:5. The values y=1, AX=1-5 correspond to Brenig’s 
values, the values y=1, A=2-5 represent the Landau 
energy spectrum® most closely, while y=0-75, A=2°5 
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gives a transition temperature in closest agreement with 
the experimental one (see below). The energy spectrum 
used by us starts with a straight line through the origin, as 
does the Landau spectrum. It does not, however, show a 
maximum followed by a minimum, but a discontinuity at 
k = ky. The value of e(k) just before ky is higher than the 
Landau value, while just after ky the minimum value from 
which the parabola (3) starts is well below the Landau 
minimum. 


The specific heat 


We shall use the theory of the grand canonical en- 
sembles?® (we shall use the notation of this reference, except 
that we shall use f instead of u for 1/«7, and we shall refer 
to it as ESM) to evaluate the specific heat. Using a Brenig- 
like spectrum we are dealing with a system of independent 
(quasi-)particles, and its thermodynamic behaviour is 
determined, once we know the grand potential q which is 
given by the equation (ESM (7.603)) 


gq = — X,|n[l—exp(v—Be,)] rE e)) 


where B = 1/«7T (« is Boltzmann’s constant, T is absolute 
temperature), Bv is the thermal potential, «, are the single 
particle energy levels, and the summation is over all energy 
levels. We shall neglect the contribution to the specific heat 
made by the phonons, as this contribution even at the 
transition temperature only amounts to a few per cent; 
moreover, it is a contribution which is continuous for all 
T and can easily be taken into account. Changing over 
from a sum to an integral in equation (5) and using the 
normal expression for the density of states (ESM (4.504)), 
we get from (5) 


q = —In(1—expv)+(V/v)gv,8) —.-- (6) 
where V is the volume of the system, 
ev, p)-= —2a 8? | ,, 24?In [1 —exp(v—z)] dz 
€y = €(ko) ++ (7) 
and Up = (Bh?/2am)*2 sats) 


The quantity v is determined by the equation (ESM (7.604) ) 
N = 0q/0v = [exp(—v)—1]-1+(V/v ) (g/dv) .. . (9) 
and the energy E is given by the equation (ESM (7.416)) 


= (2% 8) g(v, B) — ( se (Beo)*?In [1 — exp (»—Bey)] 
... (10) 


The difference between the present equations and those 
applying to the perfect boson gas lies in the lower limit Be, 
of the integral in equation (7). In the case of the perfect 
boson gas «, = 0. 
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It can be’ shown that the integral in equation (7) can be 
expanded in a power series in v as long as v is small. After 
a tedious, but straightforward calculation, one finds for 
c, at low temperatures the expression 


ota (<a, )(SKo+ 26) **lexp (Bey) — 1-9}... 1) 


with Ky =r 8? PE snp) wh 
r=1 
where I'(5/2, rBe,) is the incomplete gamma function. 
At temperatures above the transition point one can 
expand in powers of exp v. The result is 


(eg) 


2k 
(Oe (are a exp (nv) An 


n=1 
A, = exp (—nBey) (Beo)®? + [(n”) IG, nBeg) + 


+n-exp(—nBe,) (Beo)??] ur al +3 5 til hep 

where v follows from equation (9) in which the first term 
can now be neglected. 

To find the transition temperature we note first of all 

that for T < T, and practically up to T,,v is small so that we 

may for those temperatures rewrite equation (9) in the 


form 
V\ (dg 
(mal emake can eae as 
N~ -v aealed oe ee 
or vol ~ —N(1—aT?!?) epo(hs) 
_ (2nV\ (eg 2«m\ 3/2 
where “a= (7 Wg) en (47) ox (16) 


Trouble arises whenv 1 threatens to vanish and to a fair 
approximation we can thus find 7, from equation (15) and 
put 

f PRI rey Re | 
There occurs a jump in the specific heat Ac, which can be 
evaluated from equations (11) and (13) putting in both 
T= T,. The result is 


Ov ~ 
de, = —nP.(5z) [8 > 87, 18a) — 


r=1 


~4Ba)*In[1 —exp(—Bey]} —«- (08) 
As long as 0v/0T does not vanish at T = T., there will bea 
discontinuity in the specific heat. Differentiating equation 
(9) with respect to T one finds that, indeed, @v/8T 40 as 
long as «) 40, but that as <, +0, (dv/8T),->0 leading toa 
third-order transition for the perfect boson gas. 

It is of interest to note that expression (13) duly goes 
over into the classical value of 3« per particle when B->0. 
The decrease in c, from T = T, to T-> © is gradual. Below 
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T., the specific heat is given by equation (11). It increases 
strongly with temperature. The specific heats were evalu- 
ated numerically, those from equation (11) by using a desk 
machine and those from equation (13) by using the Fer- 
ranti Mercury computer of the Oxford University Com- 
puting Laboratory. In the Table we have given the values 


i d Te cy. 10-5 Acy.10-5 
| (°K) (ergs) (ergs) 
0-5 1°5 3-20 98 41 
0:5 2-0 2:40 104 48 
0:5 25 1:92 108 53 
0-6 2:2 2:34 131 73 
0-75 25 2:26 141 82 
1-0 1:5 4:19 128 61 
1:0 2:0 3-14 142 81 
1-0 25 251 143 719 
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of T,, of c, just below the transition, and of Ac, for the 
eight pairs of A and y values given in the previous section. 
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Numerous devices for irradiation in liquid nitrogen in 
atomic piles have already been described in the literature. 
They employ, in general, commercial nitrogen, or, if they 
use very pure nitrogen, they have a nitrogen circulation 
arrangement to enable the nitrogen to condense outside 
the pile. 

The device we are going to describe here is cheaper to 
make and very reliable in operation. We shall first recapi- 
tulate the difficulties presented by the use of nitrogen in 
atomic piles, and some of the devices which have already 
been employed to overcome these difficulties. We shall 
then list the results obtained with the cold loop designed 
by us. 


The problem of using liquid nitrogen in atomic piles 


Commercial liquid nitrogen always contains appreciable 
quantities of oxygen, of the order of 0-5-1 per cent. This 
oxygen is converted into ozone, or into oxygen-—nitrogen 
compounds, and numerous explosions have already been 
reported.! The problem of the formation of unstable com- 
pounds is particularly grave with pool-type piles, owing 
to the very high gamma ray:neutron ratio in these piles 
(about 10 times as high as in the case of a graphite pile). 
This is certainly the reason for the explosions which were 
observed in the course of the first tests carried out on the 
pool pile at the Grenoble Atomic Research Centre, when 
a cold loop containing commercial nitrogen was used. 
Figure 1 shows as an example a view of the internal wall 
of the Dewar vessel (the gauge of the aluminium was 0-5 
mm), after destruction during heating of the loop. We also 
observed formation of an increasing proportion of ozone, 
which could be condensed in a trap inserted in the circuit 
of the vaporized nitrogen issuing from the loop. A rather 
large quantity of alumina was also formed after the ex- 
plosion, indicating a reaction of the ozone with the 
aluminium of the Dewar vessel. 


Known solutions 


It will be observed first of all that a certain number of 
cold loops have operated with commercial nitrogen in 
graphite piles without trouble, owing to the low gamma 
flux in these piles. 

Also, McReynolds and associates,‘ at Brookhaven, and 
Lucasson,° at Saclay in the EL2 pile, carried out periodi- 
cal total evaporation of the bath, with increase of the 
temperature above the boiling point of oxygen. This 
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method prevents concentration of oxygen, but the irradi- 
ation temperature is variable, and can be controlled only 
with difficulty. 

Coltman and associ- 
ates® preferred the method 
of using helium as an in- 
termediate fluid, so that 
the liquid nitrogen re- 
mained in a heat ex- 
changer outside the re- 
actor, although this 
method somewhat limits 
the cooling effect, and 
there is some lack of cer- 
tainty as regards the tem- 
perature of the samples 
obtained when using a 
gas as an intermediary 
fluid. 

On the other hand, 
Sartain and Yockey’ de- 
scribed a device employ- 
ing high purity nitrogen 
circulating under pressure 
in a closed circuit. The 
nitrogen, remaining 
liquid, is cooled by ordin- 
ary liquid nitrogen, which 
is also placed in a heat 
exchanger outside the re- 
actor, and the pure nitro- 
gen is circulated by a 
pump. This device is ob- 
viously safe whatever the 
gamma radiation of the 
pile, but it is expensive to 
make and the consump- 
tion of liquid nitrogen is very high, amounting to 16 1./hr. 


Figure 1. The broken inner wall of 
the first loop after an explosion 


Principles of the proposed solution 


We also employed two nitrogen circuits, as in the system 
suggested by Sartainand Yockey, but instead of circulating 
the pure nitrogen outside the pile, we combined in one unit 
the very pure nitrogen system, in which the substances 
are irradiated, and the condenser, which was cooled with 
commercial nitrogen. The two liquids, the pure and the 
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Figure 2. The general arrangement of the apparatus 


commercial nitrogen, are separated from each other by a 
distance of about | m, which is large enough to ensure that 
the pure nitrogen is placed in the area of intensive radiation 
near the centre of the pile, while the commercial nitrogen is 
subjected only to a very limited amount of radiation. This 
latter circuit is also protected by lead screens. 

The general scheme of the apparatus is shown in Figure 
2. The samples to be irradiated are immersed in the bath 
of pure liquid nitrogen A, and subjected to radiation from 
core B. The nitrogen evaporated by the release of energy of 
radiation in the walls, the fluid, and the samples is liquefied 
on the surface of the condenser C, cooled by a bath of 
ordinary liquid nitrogen, and the condensate drops back 
into the bath A under the action of gravity. 

The apparatus is filled with pure nitrogen, after the 
evacuation of the zone A, while the condenser is cooled. 
The pure nitrogen admitted under a slight over-pressure 
through the pipe D is finally liquefied in the condenser. 
With the aid of a dosing apparatus a quantity of gas 
designed to obtain in A a given quantity of liquid is intro- 
duced, after which the zone is closed, and remains closed. 

The pressure in this zone is established under these 
conditions at a value which depends partly on the dissi- 
pated power and on the condenser temperature (i.e. the 
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pressure in the zone E), and partly on the size of the useful 
area of the condenser. This area is again governed by the 
level of the commercial nitrogen. The pressure variation in 
the zone A is therefore governed by the level of the com- 
mercial nitrogen in the condenser, all other conditions 
remaining equal, and it can be utilized for operating the 
automatic control of the level of the commercial liquid 
nitrogen, i.e. the control of the supply of fresh nitrogen 
from an external storage vessel. 


Some details of the design of the loop with two circuits 


Figure 3 is a diagrammatic drawing of the equipment 
built according to this system. It is 7 m long, and is 
immersed in the water of the pool, reaching the edge of the 
core 3. The two baths | and 4 are isolated from each other 
by an annular space in which a pump acting through the 
pipe 8 maintains a vacuum of 10-4 mm Hg. This pipe 
spirals in the water to prevent noxious biological effects. 

In order to enable the samples to be placed in the liquid 
and to be removed without reheating, the apparatus is 
made in two parts, which are made fluid-tight by a gasket 
10. The internal part comprises the heat exchanger 4, the 
injection pipe for the liquid nitrogen 6, the evacuation 
pipe 7, and the pipe 5 through which the zone | can be 
filled and its pressure be measured. Through this pipe 5 
pass also the electric connections for any measurements 
which may have to be carried out in the pile. The free 
space 11 is filled with a powdered thermal insulating 
material, perlite (main constituents: silica 76 per cent. 
alumina 16 per cent) whose thermal conductivity is reduced 
by a primary pump acting through the orifice 9. 

In order to take out the samples, acalculated addition of 
pure nitrogen is injected so as to fill the vessel 13 containing 
the samples. The movable part of the apparatus is then 
quickly taken out, with the vessel 13 suspended from it. 
which is then immersed in a Dewar vessel filled with liquid 
nitrogen. 

The lower part of the heat exchanger is about 70 cm 
above the top of the core, and would be subject to a flux 
equal to about | per cent of the flux present in the neigh- 
bourhood of the core. The lead screens 12 placed there as 
an additional safety measure reduce this flux by a further 
factor of 500. The flux in the ordinary nitrogen can there- 
fore be estimated as 10 r, hr. 


Some results 


The apparatus has functioned in the core of the pile 
(output 1 MW, 10 thermal neutrons/cm? sec, 2°5 x 10” 
fast neutrons/cm? sec, gamma flux 5 x 10‘r hr) for several 
continuous periods of 1 week, and for many shorter 
periods, without any incident, either during operation or 
reheating. No trace of corrosion was detected in the equip- 
ment. The samples were recovered in the cold condition. 

It is naturally essential to take all possible precautions 
to prevent the condensation of atmospheric air on the 
bath 1, either by making sure that the vessel with pure 
nitrogen is and remains perfectly gas-tight, or by simply 
maintaining in this vessel a slight over-pressure with 
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respect to the atmosphere (i.e. by avoiding any reduction 
of the pressure above the commercial nitrogen bath). 

Since ordinary nitrogen boils in zone 6 under atmo- 
spheric pressure, the over-pressure above the bath of pure 
liquid nitrogen remains at about 80 mm Hg, at an output 
of 70 W (dissipated in the bath of liquid nitrogen, with a 
capacity of 200 cm, and in the samples and walls) using 
a condenser of maximum heat exchanging surface of 
1,600 cm?. 

Under these conditions the consumption of nitrogen 
is approximately 80 |./day. By way of comparison we can 
mention here that Thompson and associates? and Bortels® 
registered nitrogen consumptions of 17-30 |./day in their 
direct-feed device with a gamma flux about 10 times lower 
than ours, while Sartain and Yockey’ noted a consumption 
of 380 |./day in a gamma flux which is probably three 
times that of ours. 

When located in a place where the gamma flux is the 
same as that of Thompson and associates, our loop re- 
quires about 25 |. of nitrogen per day, i.e. the same con- 
sumption as theirs. On the other hand, anew configuration 
of the core recently enabled us to make an experiment 
with a gamma flux twice and a fast neutron flux three 
times greater than the previous values reported above. We 
were thus very near to Sartain and Yockey’s conditions, 
and the consumption did not exceed 100 1./day. A part of 
this consumption is due to losses in the supply duct. A 
modification of this duct is under consideration which is 
likely to yield an even more substantial gain with respect 
to the methods using an external circuit. 


Conclusions 


The device described above has the low consumption 
of liquid nitrogen and the perfect safety which we expected. 
It can be used wherever the coolant for low temperature 
irradiation needs protection from irradiation. It can also 
be used for the liquid-state irradiation of rare isotopes 
which would be gaseous at room temperature and which 
have to be confined in a reduced space. 
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‘THE recent measurements of thermal conductivity of 
‘superconductors by Montgomery! and Rowell? have 
shown the value of thermal conduction measurements in 
the superconductive and normal states for the investigation 
of metal imperfections. Montgomery has shown that con- 
duction in the normal state, which is due to electrons, is 
much reduced by the presence of point defects such as 
impurities, but largely uninfluenced by large-scale lattice 
defects such as dislocations. The opposite is true for the 
phonon conduction in the superconductive phase where 
large-scale defects contribute most to the resistivity. 
Montgomery’s work has been extended by Rowell whose 
investigations have been concerned with the effect of con- 
trolled strain in lead and niobium. Rowell’s experiment 
represents the first attempt at relating quantitatively the 
phonon conduction in superconductors to the number of 
dislocations. This work has now been extended to an 
investigation of the effect of radiation damage caused by 
pile neutrons. 


Experimental procedure 


The specimens were monocrystal rods of niobium or 
vanadium, roughly 50 mm x 4 mm diameter, which had 
been prepared by the ‘floating zone’ technique in an 
electron bombardment furnace. 

The apparatus for measuring thermal conductivity was 
the conventional cryostat having heat sink, thermal 
anchor, and radiation shield. The specimen, whose upper 
end was attached to the heat sink, carried two 33 Q + W 
LAB resistors and, at its lower end, a heater. By applying 
a magnetic field to the specimen the normal state could be 
restored. 

The heat conductivity of the specimens was first 
measured in both superconductive and normal states. 
They were then irradiated in a hollow fuel element of the 
BEPO reactor at Harwell to a dose of 10!* fast neutrons 
cm” 2. The temperature of the specimens was within 5° of 
30°C throughout the irradiation. After allowing a few 
weeks for radioactivity to decay, the specimens were 
returned to the laboratory and the conductivity measure- 
ments repeated. 


Experimental results 


In Figures 1 and 2 the thermal conductivities are com- 
pared before and after irradiation for niobium and for 
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vanadium, respectively. In both cases there is an increase 
in superconductive thermal resistivity W, which is in- 
versely proportional to T?, but only in the case of niobium 
is there a detectable increase of normal state resistivity W,. 
The absolute magnitude of the change in W, for niobium 
is 0-4 cm. deg. watt” !, whereas the limit of detection in the 
case of vanadium is about 0:5 cm.deg. watt 4, due to the 
relatively large value of W,, in vanadium. It is, therefore, 
uncertain whether or not vanadium and niobium behave 
as comparably in the normal state as they do in the 
superconductive state. 


Discussion 


Klemens? has predicted the scattering of lattice waves 
by static imperfections from second-order perturbation 
theory. An imperfection can be expected to perturb the 
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Figure 1. Niobium single crystal 
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Figure 2. Vanadium single crystal 


lattice potential on account of (1) the difference between 
the masses of the defect and the atoms on the parent 
lattice, (2) the difference between the elastic properties of 
the normal and defective atomic linkages, and (3) an 
elastic strain field which alters the elastic constants of the 
linkages as a result of deviations from Hooke’s law. The 
thermal resistance due to the terms (1) and (2) has been 
shown by Klemens to be proportional to T and is quite 
insignificant at low temperatures. The thermal resistance 
due to (3) has been shown to be inversely proportional to 
T? and is therefore quite appreciable at low temperatures. 
Klemens has actually likened a dislocation to a line of point 
defects with a highly disordered core of radius a, sur- 
rounded by a strain field which falls off as 1/a. He then 
deduces the scattering cross-section of such a model for 
phonons and gives the result for the increase in thermal 
resistance as 


W,T* = 16h? vDb?/70k? 


where D is the dislocation density, v is the velocity of 
sound, b the Burgers vector, and A and k have their usual 
significance. 

Current theories of radiation damage in b.c.c. metals 
(see, for example, Thompson‘) suggest that radiation 
produces interstitial atoms and vacant lattice sites in equal 
numbers, the neutron cross-section for producing a single 
interstitial-vacancy pair being roughly 10-22 cm?. The 
atomic concentration of interstitials or vacancies pro- 
duced in our specimens should, therefore, be of the order 
10-4. Interstitials are thought to become mobile at tem- 
peratures as low as 20° K whereas vacancies are believed 
to migrate, in experimentally observable times, at a 
temperature roughly 20 per cent of the absolute melting 
point. Recent work by Smallman and Westmacott® using 
the electron microscope indicates that when such point 
defects migrate, a proportion condense into plates which 
collapse to form small dislocation loops. A further pro- 
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portion condense on to the existing dislocation network 
causing jogs to appear on previously straight lines. 

In both vanadium and niobium the irradiation tem- 
perature is such that interstitial migration will have 
occurred during irradiation. In the case of niobium the 
irradiation temperature is well below the expected tem- 
perature of vacancy migration; for vanadium this isnotso, 
vacancy migration may have occurred during irradiation. 

The observed increase in W, may be explained by 
postulating an increase in dislocation density brought 
about by the condensation of interstitials either to form 
small loops or on to the existing network to form jogs. The 
increase in W,, may be explained as being due to vacancies 
produced directly by irradiation. 

Let us now examine the magnitude of the quantities 
involved. A concentration C of interstitials, condensing 
in the ways described above, would produce an increase 
in dislocation density of order Cda?/r, where dis the atomic 
density, athe lattice parameter, and r is either the radius of 
a circular loop or the jog length on a jogged dislocation. 
Assuming C to be of the order 107° (i.e. 10 per cent con- 
densation) and r of the order 100 A, the expected increase 
in Dis of the order 10° lines cm~ 2. Using Klemens’ formula 
to calculate the increase in dislocation density from the 
observed change in W, we obtain 3 x 10° lines cm? in the 
case of niobium and 10° linescm~ ? for vanadium. Bearing 
in mind that the values of Cand r are only rough estimates 
and that Klemens’ formula cannot be expected to give 
exact quantitative results, this agreement seems surpris- 
ingly good. 

Theoretical and experimental estimates of the electrical 
resistivity induced in copper by | per cent of vacancies lead 
to a value of about 1 wQQ0°m. Let us therefore assume the 
reasonable figure of 0:05 1QQcm for the change in electrical 
resistivity of niobium brought about by a vacancy con- 
centration of 10-4. Then using the Wiedmann—Franz law 
to translate this into a normal state thermal resistivity, a 
change of | cm. deg. watt~ 1 is expected for 10-4 vacancies. 
This is very close to the 0:6 cm.deg. watt”! found in the 
case of niobium. 

The postulated mechanisms offer a reasonable explana- 
tion of the observed effects. We therefore conclude that 
neutron irradiation at 30°C increases the dislocation 
density by introducing loops and jogs, and introduces 
point defects which are probably vacancies. 

We are grateful to Dr. A. R. Powell, F.R.S., and Mr. A. 
Calverley for making and supplying the specimens. K. C. 
is now at Physics Dept., University of Delhi. 
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WE describe here some cryostats for optical investiga- 
tions. These instruments have been utilized in our 
laboratory for several years, and have been found to be 
quite satisfactory. They are cheap to make and easy to 
use, and they are therefore convenient for research 
workers who are not used to low temperature techniques. 
We feel that the description of these instruments will 
help to persuade a greater number of physical chemists 
to carry out optical investigations in the neighbourhood 
of absolute zero. 

We shall briefly summarize the properties expected of a 
cryostat of this type: 


(1) The consumption of liquid hydrogen or helium 
must be as small as possible; 

(2) Visible, ultra-violet, or infra-red light must pass 
through the apparatus, and the windows must not 
frost over in any circumstances; 

(3) So that it may be portable, the apparatus should be 

"as small as possible; 

(4) It should be arranged so that it can easily be 
dismantled in order to facilitate the cleaning of the 
transparent parts. 

(5) It must be possible to insert samples, withdraw 
them, or change their position, without any 
difficulty while the apparatus is in use, i.e. while 
they are immersed in the coolant. 


The three cryostats described below have these pro- 
perties, and the type to be used should be selected 
according to whether the sample is immersed in liquid 
coolant, in a gaseous atmosphere, or remains in a 
vacuum. 

We shall now give a brief list of examples of the 
application of these instruments. 

For the spectrographic examination of the visible or 
ultra-violet absorption or luminescence of a sample with 

the aid of a slide-type spectrograph, the sample can be 
immersed in liquid hydrogen or helium. Bubbles do not 
interfere with the work because the receiver integrates 
the luminous flux received during a comparatively long 
period. Experience has also shown that the effect of the 
bubbles on the polarization of the light is negligible. 

A photoelectric receiver, on the other hand, can be 
used only if the sample is placed in a vacuum or in a 
gaseous atmosphere; a liquid bath cannot be used be- 
cause the bubbles interfere with the response of the 
receiver. 
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In the case of infra-red absorption, the glass or 
quartz windows must be replaced by salt disks (sodium 
chloride, potassium bromide, or the like). The sample 
should also be placed in a vacuum to avoid the necessity 
of joints between glass and salt or metal and salt which 
are difficult to make. 

The dark current of a photomultiplier can be reduced 
by cooling the apparatus. The cell would be placed in a 
gaseous atmosphere and the cryostat is designed in such 
a way that the beam of light falling on to the photo- 
cathode does not pass through any liquid. 

The cryostats described by us here are suitable for the: 
purposes briefly listed above. 


Cryostat No. 1 


In this cryostat (Figure 1), the three outer tubes are 
made of metal (nickel silver or stainless steel). They are 
intended to protect the liquid hydrogen or helium con- 
tained in the central tube. The annulus formed by two 
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Figure 1. Cryostat No. 1 
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of these tubes contains liquid nitrogen. The lower part of 
the vessel is extended by a copper tube, provided with 
windows, which protects the lower part of the central 
tube from heat influx. 

The central tube, which is made of glass, is stuck with 
Araldite No. 101 to a Dural flange, the tightness of the 
joint is ensured by a layer of Vacoplast. The cooling of 
the glue and of the Vacoplast is prevented by two tubes, 
the space between these tubes being well evacuated. 

For measurements in ultra-violet light the lower 
part of the central tube must be made of silica. It is 
fixed to the glass tube through a quartz—Pyrex connec- 
tion. The outer metal tube has windows on which Pyrex 
or silica disks are stuck with Picein. 

The apparatus is first evacuated through a tap. A 
rotary oil pump is suitable for reaching a vacuum of about 
5x10? mm Hg, and this is adequate as the coolant 
subsequently improves the vacuum. 

The sample is introduced from the top, either sus- 
pended from a very fine wire or fixed to a rod having a 
hook at its end. The rod is removed before the liquid is 
siphoned into the vessel. In the latter case the orientation 
of the sample can be rectified by means of a small mag- 
netron magnet acting on a steel bar fixed to the sample. 

Characteristic features of this apparatus are as 
follows: 


Coolant capacity: dds 
Coolant consumption: 1 1. of hydrogen per 24 hr, 
or 21. of helium per 24 hr. 
Nitrogen capacity 
(for the protecting jacket): 1 1. 
Nitrogen consumption: 41. per 24 hr 
Initial vacuum: 5x 10°? mm Hg 


Thermocouple 


~ Rubber joint 
: _ Vacuum 
Nickel silver bg 
of 
stainless steel 
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Figure 2. Cryostat No 2 
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Cryostat No. 2 


This cryostat (Figure 2) is a variant of the preceding 
apparatus. It should be used if the sample must be kept 
in a vacuum; for instance, when the absorption of infra- 
red rays is to be investigated. The outer part of the 
apparatus, not shown in Figure 2, is identical with that 
shown in Figure 1. The glass tube is replaced by a metal 
container with a hollow copper bar brazed to its lower 
end. This bar contains the sample, with the external 
apertures directly over the sample. The apertures are 
covered with potassium bromide for the investigation of 
infra-red absorption and are fixed with Picein, like the 
glass. 

The temperature of the sample will naturally be higher 
than that of the coolant, but the two temperatures con- 
verge with increase in the diameter of the copper bar. 
A thermocouple passing through the upper flange 
enables the temperature to be measured. 


Cryostat No. 3 


This cryostat (Figure 3) is used if the sample must be 
kept in a gaseous atmosphere. Its outer part is quite 
similar to the corresponding part in the other two cryo- 
stats, but it should be noted that the vessel containing 
nitrogen has one or several transverse tubes opposite 
the windows to allow the passage of the light-beam. The 
central part, made of glass, consists of two cylindrical 
tubes of circular cross-section, one tube eccentric with 
respect to the other. The space between these two tubes 
contains the coolant and the central tube contains the 
sample or the photoelectric cell. The atmosphere in this 
central tube is hydrogen or helium, kept at atmospheric 
pressure by means of a rubber bladder, which com- 
pensates for the lowering of the pressure due to the 
reduction of the temperature. The two container walls 
are connected together by one or several tubes, accord- 
ing to the number of windows required. 

As the beam of light does not pass through the coolant 
liquid the light is not disturbed by bubbles. For measure- 
ments in ultra-violet light, quartz—Pyrex connections are 
used at the points marked in Figure 3. 

Characteristic features of this device are as follows: 


Coolant capacity: G3. 
Coolant consumption: 1:5 1. of hydrogen per 12 hr 
Nitrogen capacity 
(for the protecting jacket): 1-5 1. 
Nitrogen consumption: 3-laperii2shr 
Initial vacuum: 5x 10-3 mm Hg 


(This cryostat has not been utilized at the temperature 
of liquid helium, because any gas becomes liquid below 
4° K. However, investigations at 4° K can be carried out 
if helium pressures of less than atmospheric are accept- 


able.) 
Examples of uses of equipment 

Cryostat No. | can be used for the examination of 
absorption spectra and of luminescence, by arranging 
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Figure 3. Cryostat No. 3 


three windows in the same horizontal plane. It has been 
used by one of the authors for the examination of 
aromatic crystals.! 

Cryostat No. 3 has been used in photometric work, 
where cells with electronic photomultipliers are quite 
often used as receivers. When a voltage is applied 
to these cells they have, like all instruments of this 
‘kind, a certain dark current. The existence of this 
current interferes with the proportionality between the 
response and the applied illumination. Again, in those 
comparative investigations where the dark current has to 
be measured in order to subtract it from the total current 
supplied by the cell, this parasitic current must remain 
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stable during a complete measurement. The best means 
of stabilizing this current, and of reducing its inter- 
ference, is obviously to remove it completely. 

The dark current is mainly due to the conductivity 
of the walls and the thermionic emission of the cathode. 
It is known that these two effects fall exponentially with 
the temperature. For this reason we cooled a photo- 
multiplier with the aid of this apparatus, using first liquid 
nitrogen and later liquid hydrogen. 

We employed a type RCA No. 1P 28 photomultiplier. 
The breech part surrounding the transparent tube was 
removed in order to prevent any dangerous mechanical 
stresses during cooling or re-heating. 

The stabilized supply voltage was 600 or 1,000 V, and 
the dark current was measured with the aid of a Lemouzy 
PA 14 pico-ammeter. The results are shown in Table 1. 


Table 1 
Dark current 
Conditions 

at 600 V at 1,000 V 
Room temperature 0-9x 107° A 1-8x 10° A 
Liquid nitrogen temperature 40x 1074 A 27.0102 A 
Liquid hydrogen 

temperature down to 10-4 A} down to 10-4 A 


The measuring equipment was not sensitive to currents 
of less than 10-!4 A, so that we could not determine the 
dark currents at the temperature of liquid hydrogen, but 
it can be seen that liquid nitrogen has already produced 
quite satisfactory results. 


REFERENCE 
1. PESTEIL, P., et al. C. R. Acad. Sci., Paris. Various papers 1951-60 
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Letters to the Editors 


The Electrical Resistivity of Plutonium, Neptunium, and 
Some Plutonium Alloys 


In this letter, electrical resistivity measurements on 
samples of plutonium, neptunium, and three §-stabilized 
plutonium-aluminium alloys are reported. The specimens 
were rods about 2 mm in diameter and 3-4 cm in length, 
and the temperature range covered was from 1:5° K to 
nearly 300° K. The cryostat used in this investigation has 
been described elsewhere.1 Standard potentiometric 
techniques were employed for the measurement of 
resistance, and connections to the specimens made by 
spot-welding. 
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Figure 1. Resistivity vs temperature for two specimens of plutonium 

in the «-phase. Experimental points were too numerous to be drawn 

on the graph. The scatter was such that all the points lay within the 
thicknesses of the lines 


Resistivity-temperature data for two plutonium 
samples are given in Figure 1. One specimen, Pu 1, had a 
density of 19-625 g;cm’, which compares well with the 
theoretical value of 19-82. The density of the other 
specimen, however, was much lower at 19-195 g/cm’. 
The purities of the two samples as indicated by spectro- 
graphic analysis were 99:96-99-97 per cent. Ferromagnetic 
impurity content was very low, amounting only to 57 
and 60 parts per million in specimens | and 2, respectively. 

Both samples had high and widely differing residual 
resistances (py) though their ice-point readings were 
almost the same. The respective values of p, for Pu 1 
and Pu 2 were 13-9 and 32:6 per cent of their ice-point 
readings. A p=p)+B7" relationship was obeyed at low 
temperatures. For Pu 1, equalled 2:3 below about 33° 
K. For Pu 2, n was 2:0 below 26° K. 
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Figure 2. Resistivity versus temperature for three metastable 
8-plutonium alloys 


The resistive behaviour throughout bears a remarkable 
resemblance to that of «-manganese? where a T? law also 
holds below 20° K. It is highly probable that in man- 
ganese the anomalous temperature dependence of 
resistance below 100° K is due to antiferromagnetic 
ordering.* Neutron diffraction experiments are therefore 
being carried out on plutonium in order to find directly 
whether plutonium also is antiferromagnetic. 
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Figure 3. Resistivity versus temperature for a-neptunium 
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In Figure 2 are shown our measurements on three 
6-stabilized plutonium—aluminium alloys. The similarity 
with the «-plutonium curves suggests that the same 
feature is responsible for the anomalous resistive be- 
haviour in both phases. 


Figure 3 shows the variation of the electrical resistivity 
of a-neptunium with temperature down to 1-4° K. 
Below 31° K, p was found to be proportional to T?"}. 
Overall purity of this specimen was only about 99 per 
cent (wt), the major impurities being 0-34 per cent (wt) 
calcium and 0-22 percent (wt) uranium. Nevertheless, 
the residual resistivity of 3-55 wQ cm (2:7 per cent of the 
ice-point value) was very small in comparison with those 
of the plutonium samples. If plutonium is indeed 
antiferromagnetic, the high values of py may possibly 
be due to incomplete ordering of the spins caused by the 
presence of specific impurities in solid solution. 


J. A. LEE 


Atomic Energy Research Establishment, 

Harwell, Berks. 
G. T. MEADEN 
K. MENDELSSOHN 


Clarendon Laboratory, 


Oxford. (3 May 1960) 
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Fine Structure of the Luminescence Spectra of Organic 
Molecules in Crystalline Solutions 


IT has been known for some years that luminescence and 
absorption spectra of aromatic molecules in solution in 
paraffin hydrocarbons at low temperature are composed of 
lines which can be extremely fine if the solvent is suitably 
chosen.! ? The electron transition is decomposed into a 
large number of thick lines whose intensity generally varies 
with concentration® and with temperature. 

Up to the present time, it has been admitted that each 
component of the transition corresponded to a given 
orientation of the molecule in solution in the solvent 
system; for want of a better, we ourselves accepted this 
hypothesis put forward by Bowen.* It seemed improbable, 
however, that a very large number of different ‘sites’ (up 
to 8 components) could be possible in the solvent system. 
This difficulty led us to seek another explanation for the 
separation of the electronic transition into several 
components. j 

One of us carefully examined the spectra obtained witha 
fairly high dispersion prism spectrograph (u.v. 120; 
S.G.O.), and was able to perceive numerous weak lines 
which were extremely fine and regularly spaced at from 4 
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to 10cm! according to the case. The thick lines themselves 
often seemed to be made up of several fine lines. 

The idea of an interference phenomenon on the walls of 
the vessel containing the solution first occurred to us, but 
we were able to dismiss this possibility for the following 
reasons: 


(1) Two vessels of differing thickness gave identical 
spectra; 

(2) The fine lines appeared neither on the continuous 
bottom nor in the neighbourhood of the mercury lines 
of the excitor lamp; 

(3) These lines are not to be seen in the case of exciton 
spectra of pure crystals obtained in the same con- 
ditions. 


Our measurements were made on the S-S and T-S 
spectra of the following molecules in solution in n-pentane 
at 20° K and at 4°K: benzene, deuterobenzene, naphth- 
alene, deuteronaphthalene, acenaphthene, deutero- 
acenaphthene, fluorene, phenanthrene, anthracene. All 
these molecules are plane. 

We observed a striking analogy between the structure of 
our spectra and that of the rotator. The theory of the free 
rotator is known; Dennison®’? and Nielsen” 8 have investi- 
gated the case of plane molecules. They have shown that 
the ratio B/A of the moments of inertia in relation to two 
axes contained in the plane determines the style of the 
rotation spectrum. In the case of fluorescence and absorp- 
tion spectra the dipolar moment certainly vibrates in the 
plane of the molecule; the aspect of the spectra should 
therefore be analogous to that of Dennison’s ‘A’ and ‘B’ 
bands. Type ‘C’ bands can only be met with in the case of 
phosphorescence spectra. It is therefore seen that the 
aspect of the bands should give indications about the 
orientation of the dipole in relation to the axes of the 
ellipsoid of inertia of the molecule. 

Since the molecules studied were very heavy, their 
moments of inertia are large and the separation which one 
would expect from the free rotation theory less than | cm~?; 
the spectra of these molecules in the gaseous state do not, 
moreover, show any structure. Again, it is difficult to admit 
that a molecule taking the place of a single molecule of 
solvent can rotate freely at low temperature (it is known 
that the molecules of a molecular crystal do not generally 
rotate but actually oscillate about their position of 
equilibrium). 

The fine structure of luminescence spectra.can therefore 
only be explained if the existence of holes, of defects in the 
system, occupied by the molecules in solution be admitted. 
The theory of the restricted rotator placed in the periodic 
field of neighbouring solvent molecules® ?° enables the 
wide separation of the lines to be explained. It is in fact 
known that the movement of the rotator leads to a 
Mathieu equation and that the levels have a separation n 
times greater than that of the free rotation (where n is 
the angular period of the field surrounding the solute 
molecule). 


2) 


This hypothesis, which explains the aspect of lumines- 
cence spectra in a plausible way, should give information 
about the polarization of the transition considered (fine 
structure) and about the dimensions of the holes (value of 
number » related to period of field in which the solute 
molecule is plunged). One of us (A.C.) will shortly give, in 
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2 
a more comprehensive article, the complete results which 
were obtained, and which are only briefly touched upon 
here. . 
A. CIAIS 5 
P. PESTEIL 6 
if. 
Princeton, N.J., 1956) 
Laboratoire de Physique P.C.B., ; 
Faculté des Sciences de Marseille, 
France. (26 May 1960) 10. 
EDITORIAL NOTES 
The editors have been informed that helium-3 gas is now available at the price of 
15 cents (U.S.) per millilitre. Further information will be supplied by the Atomic 
Energy Commission’s Mound Laboratory, Miamisburg, Ohio. 
Material for a full bibliography of papers on low temperature research up to the 
present is being made available to the editors by the kindness of Arthur D. Little, 
Inc. The editors have decided to publish this bibliography as a special supplementary 
issue Of CRYOGENICS. 
Among review articles scheduled for future issues are: 
“New Methods of Producing Cold’ by H. O. McMahon. 
“Irradiation at Low Temperatures’ by L. Weil. 
Papers to be published include: 
‘A Cryostat for Electrical Measurements on Semiconductors’ by B. V. Rollin, 
J. R. Mills, and J. P. Russell. 
‘Density of Liquid Oxygen as a Function of Pressure and Temperature’ by A. van 
Itterbeek and O. Verbeke. 
‘Cooling by Adiabatic Magnetization of Superconductors’ by M. Yaqub. 
‘A Low Temperature Plant for the Production of Heavy Water’ by J. Hanny. 
‘Enthalpy Diagrams’ by M. Ruhemann. 
“Pressure Effects on Superconductors’ by A. C. Gross and J. L. Olson. 
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Book Reviews 


Problems of Low Temperature Physics and Thermo- 
dynamics. (Pergamon Press) 345 pages. 70s. 


This report of a conference in Delft in 1958 raises some 
interesting questions. Are conferences worth while? 
Should their proceedings be published? Is there such a 
thing as low temperature physics ? Now that low tempera- 
ture techniques have become so widespread they are being 
applied to an ever wider range of physical problems, and to 
some extent it is only the community of techniques which 
binds the subject of low temperature physics together. 
Indeed this particular conference had its main stress on 
techniques—and what a variety it offered—bubble cham- 
bers, superconducting computing elements, helium-3 
cryostats, radiation damage, and nuclear resonance to 
mention only a selection. Perhaps it is just the variety of 
this. mixed bag which provides the main justification for 
conferences of this kind. For although the applications lie 
in fields as far apart as nuclear physics and the theory of 
metals, the practitioner in one may often pick up useful 
tips from the other which he would perhaps miss in his 
ordinary routine. Again, it is only on occasions like this 
that physicists and engineers rub shoulders, and such 
conferences can well catalyse new ideas arising out of the 
unusual contacts they provide. 

The value of a published report is more questionable. 
Usually a year or more elapses between the conference and 
the publication and by then, or soon after, anything really 
important should either have been published in the regular 
scientific journals or else best be forgotten. Certainly such 
a volume provides a historical record—though the poor 
quality of the paper of this particular record does not make 
it a very worthy one in spite of the high price—and occasi- 
onally an illuminating remark in discussion can be found of 
a kind not appearing in the formal presentation of a paper 
in a scientific journal. It is true, too, that the report is a 
useful record of who is doing what at the time, and so pro- 
vides a kind of bibliography not easily to be found in the 
abstract journals. But evidently such advantages are 
ephemeral and though the reviewer has a sentimental 
attachment to historical records and likes to see on his 
shelves a collection of volumes such as this, it is rare indeed 
that he has occasion to consult a conference report more 
than two years old. One escape from this dilemma is to 
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arrange very speedy publication—if necessary in dupli- 
cated rather than printed form and consisting of intelligent 
summaries of the proceedings rather than detailed presen- 
tations. An excellent example was the report of the Oxford 
low temperature physics conference in 1951, the proceed- 
ings of which were circulated within a few months of the 
conference so that they still had a useful life of a year or so 
before transmutation into a merely sentimental memento. 

To return to the conference itself, perhaps the most 
interesting trend in the development of low temperature 
technique has been the steady improvement in the engineer- 
ing of low temperature experiments—particularly in what 
used to be regarded as the difficult range of temperatures 
below 1°K. The development of techniques based on 
liquid helium-3 and adiabatic demagnetization used both 
separately and in combination is making experiments in 
this region more and more of acommonplace, and we may 
look forward to some interesting scientific dividends 
during the next few years. 


D. SHOENBERG 


Evaporation and Droplet Growth in Gaseous Media. 
N. A. Fuks. Translated from the Russian by J. M. Pratt. 
(Pergamon Press) 72 pages. 30s. 


This is essentially a critical literature survey of theor- 
etical and experimental work concerned with the kin- 
etics of evaporation and growth of droplets of pure 
liquids. It covers in detail the study of such phenomena 
as the formation of cloud droplets, the evaporation of 
fuel in the internal combustion engine, the drying of 
viscous solutions by atomization, the cooling of hot gases 
by water spray, fogs and atmospheric pollution, atomic 
explosion clouds, the condensation of vapour on gaseous 
ions, etc. 

This book will be primarily of interest to specialists, 
but would also be useful as an introduction to anyone 
considering research on the above phenomena. 

Despite the attempt to keep the price of this book 
down to a reasonable figure by the use of photolitho- 
graphy, it is still very expensive for its size. 


B. R. BROWN 
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